University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2002

Weathering profiles: their development and ages
using oxygen isotopes
Julius Ramosweu Atlhopheng
University of Wollongong

Recommended Citation
Atlhopheng, Julius Ramosweu, Weathering profiles: their development and ages using oxygen isotopes, Doctor of Philosophy thesis,
School of Geosciences, University of Wollongong, 2002. http://ro.uow.edu.au/theses/1990

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

WEATHERING PROFILES - THEIR DEVELOPMENT AND
AGES USING OXYGEN ISOTOPES

A thesis submitted in fulfilment ofthe requirements for the award ofthe degree

DOCTOR OF PHILOSOPHY (PhD)

from

UNIVERSITY OF WOLLONGONG

by

JULIUS RAMOSWEU ATLHOPHENG, (BSc (Hons), MSc)

SCHOOL OF GEOSCIENCES

March 2002

CERTIFICATION

I, Julius R. Atlhopheng, declare that this thesis, submitted in fulfilment ofthe requirements
for the award of Doctor of Philosophy, in the School of Geosciences, University of
Wollongong, is wholly my own work unless otherwise referenced or acknowledged. The
document has not been submitted for qualifications at any other academic institution.

Julius R. Atlhopheng

28 March 2002

n

TABLE OF CONTENTS
LIST O F T A B L E S , FIGURES, P L A T E S

vii

LIST OF TABLES vii
LIST OF FIGURES viii
LIST OF PLATES viii
ABSTRACT ix
ACKNOWLEDGEMENTS xii

CHAPTER 1: Weathering profiles and their development 1
1.1 Landforms and Weathering Development 1
1.2 Palaeoweathering and Landform Antiquity 6
1.2.1 Australian Landscapes 9
1.2.2 Southern African Landscapes 10
1.2.3 Comparative features, Australia and southern Africa 13

1.3 Isotopic study of alunite, bauxite and K-Mn oxides in Australian Regolith 16
1.4 Thesis Research, Aims and Objectives 22

CHAPTER 2: Oxygen isotopes and clay minerals 24
2.1 Background on Oxygen Isotopes and Clay Mineral Formation 24
2.2 Weathering and the Australian Regolith 26
2.3 Findings on the Weathering of Australian Regolith 28
2.4 Research Findings Globally 32
2.5 Seasonality in Isotopic Data 32
2.6 Study Sites: Application of 8180 and 6D to the Regolith 33
2.6.1 Defining the Isotopic Standards 33

iii

2.6.2 Western Australia Samples

CHAPTER 3: Palaeomagnetic study of regolith formation 37
3.1 Dating of Weathering Profiles 37
3.2 Previous Investigations Using Palaeomagnetism 40
3.2.1 Australian Findings 40
3.2.2 Research Findings Elsewhere 42
3.3 Results of Palaeomagnetic Dating of Weathering Profiles 45
3.4 Discussion and Conclusions 51

CHAPTER 4: Ferricretes (Laterites) 55
4.1 Introduction 55
4.1.1 Ferricretes alias 'Laterites' 55
4.2 Weathering Profiles 56
4.3 Iron Oxides 58
4.3.1 Ferrihydrite 59
4.3.2 Goethite 60
4.3.3 Hematite 62
4.4 Landscape Evolution and 'Laterites' 63
4.4.1 More Detail in Definition of 'Laterite' 65
4.5 Iron Oxide Minerals and Dating 68
4.6 Stable Isotopes and Iron Oxides 71
4.7 Geological Setting, Results and Analysis of Sample Sites 76
4.8 Discussion and Conclusions 77

iv

36

C H A T E R 5 : Isotopic study of southeastern South Australia

81

5.1 Introduction 81
5.2 Findings: Sample Sites and their Oxygen Isotopic Values 83
5.3 Discussion and Conclusions 87

CHAPTER 6: Isotopic study of the Yilgarn Block - breakaways 92
6.1 Significance of Yilgarn Block Investigation 92
6.2 Geology and Geomorphology ofthe Yilgarn Block 94
6.3 Oxygen-isotope values of kaolinite from road-cuts and farm dams 96
6.4 Breakaways in the Yilgarn Block 103
6.5 Mine pits samples in the Yilgarn Block 108
6.6 Discussion and Conclusions 109
6.6.1 The mine pits and oxygen isotopic age of weathering 109
6.6.2 Farmers' dams and road-cuttings in the Yilgarn 113
6.6.3 Breakaways in the Yilgarn 115

CHAPTER 7: Isotopic study ofthe African Surface (South Africa) 120
7.1 Geological Overview of Study Area 120
7.2 Some Stable Isotope Findings - earlier work 123
7.3 Geological Setting, Results and Analysis of Sample Sites 126
7.4 Discussion and Conclusions 129

CHAPTER 8: The third dimension: isotopic variation as a function of profile
depth 133
8.1 Significance ofthe Depth Profile Method 133

V

8.2 Geological Setting, Results and Analysis of Sample Sites

135

8.3 Discussion and Conclusions 138

CHAPTER 9: Palaeomagnetism versus oxygen isotope method 141
9.1 Dating Yilgarn Craton Weathering - palaeomagnetic versus oxygen-isotope
geochronology 143
9.2 Discussion and Conclusions 146

CHAPTER 10: Africa versus Australia - establishing landform antiquity using
oxygen-isotope method 149
10.1 Isotopic Results for Australia and southern Africa 149
10.2 Discussion and Conclusions 151

REFERENCES 165

VI

LIST OF TABLES. FIGURES, PLATES
LIST OF TABLES
Table 1: Techniques used in dating weathering profiles 8

Table 2: Kalgoorlie region, Western Australia landform evolution, after Oilier et a
(1988) 14
Table 3: Occurrences of alunite, after Bird et al. (1989) 17
Table 4: Comparison of Apparent Polar Wander Paths (APWPs) 39
Table 5: Bronzewing pit palaeomagnetic ages, WA 48
Table 6: Palaeomagnetic dates at Lawlers mine pits, WA 49
Table 7: Murrin Murrin pits palaeomagnetic dates, WA 49
Table 8: Mt Percy palaeomagnetic ages, WA 50

Table 9: Palaeomagnetic dates at Kanowna Belle; Jarrahdale and Boddington, WA....51
Table 10: Oxygen-isotope values of kaolinite and goethite from some Australian
weathering profiles 79
Table 11: The weathering age spread in Yilgarn Craton, as deuced by oxygen-isotope
dating 119
Table 12: The accretionary evolution of southern Africa. The geological/
geomorphological events encompass pre- and post-Gondwana, Partridge and Maud
(2000)

122

Table 13: :Bronzewing: Palaeomagnetic versus oxygen-isotope weathering ages 144
Table 14: Mt Percy palaeomagnetic and oxygen-isotope weathering ages 146

LIST OF FIGURES

Figure 1: Localities for previous Australian regolith oxygen-isotope dating (Bird a
Chivas, 1988, 1989, 1993; Chivas and Bird, 1994) 29

vii

Figure 2: Palaeomagnetic weathering ages in the Yilgarn Block, after Brad Pillans

52

Figure 3: Measured S180 values of iron (III) minerals, the data come from several studie
modified after Yapp (2001) 75
Figure 4: South Australia oxygen-isotope values 83
1 Q

Figure 5:8 O isotopic values of kaolinite-rich materials from the Clarendon road-cut... 85
Figure 6: The distribution of breakaways and rocky outcrops in the Yilgarn Craton
(summarised from 1:250 000 topographic maps) 92
Figure 7: Physiography ofthe Yilgarn Craton 95
Figure 8: Oxygen-isotope values of kaolinite from mine pits, farm dams and cuttings in
the Yilgarn 98
Figure 9: Oxygen-isotope values (5 O) of kaolinite samples from breakaways, Yilgarn
Craton 104
Figure 10: Post-mid Tertiary weathering ages across the Yilgarn Craton 110
Figure 11: Map shows African Erosion Surfaces in southern Africa. Heavy dots show

localities at which constraints on the age ofthe surfaces (in Ma) are available. (Modi
after Partridge, 1998) 129
Figure 12: Depth-profile representation at Bronzewing and Ulleling in the Yilgarn
Craton 135
Figure 13: Merredin railway cutting depth-profile analysis 135
Figure 14: The 8180 values of kaolinite versus depth at Crous and Zebediela, South
Africa 139
Figure 15: Reconstruction of Gondwana by Alex du Toit (1937), showing present extent

of Gondwana Karoo strata (black) and their likely former extent (shaded). Modified afte
Partridge (1998) 152

viii

LIST OF PLATES
Platel: Wooderarung gully (Mullewa) a post-mid Tertiary stream weathering 164
Plate 2: Wave Rock at Hyden, some ofthe inselbergs found in the Yilgarn Craton. Top
'flaring' may relate to exposure during earlier weathering episode 155

Plate 3: 'Country breakaway', 130km north of Hyden, exhibiting mega mottles and pall
zones in its weathering 155
Plate 4: Well developed mottles at Mt Torrens in South Australia, near Adelaide 156
Plate 5: Yundi road-cut near Adelaide, with oxygen-isotope values of+10.8 and +12.1
mil 156
Plate 6: At Lakeside (near Cue), within the bleached portion of AW28 breakaway are
ancient imprints, indicating human occupation 157
Plate 7: Desolate breakaway in the Wheatbelt, some breakaways modified by
activities 157
Plate 8: Giles Breakaway, with person near the sampled section 158

Plate 9: South of Giles, is this 'overhang' breakaway, with kaolinite being sampled 1
Plate 10: Long view of Red Bluff Breakaway -showing stages of disintegration 159
Plate 11: Giles Breakaway, still exists as a continuous landform 159
Plate 12: 'London Bridge' Breakaway at Sandstone, with no pallid zone exposed 160
Plate 13: Near Scuddles mine (Yalgoo), this breakaway yielded pre-late Mesozoic
weathering - the oldest dated with oxygen-isotope technique in the Yilgarn 160
Plate 14: Drillcores near Kalgoorlie, for sample AW63 161
Plate 15: Wagin community dam kaolinite indicated post-mid Tertiary weathering 161
Plate 16: At Lawlers, an open pit mine showing differential weathering of
bedrock 162

ix

Plate 17: A W 8 0 - A W 8 2 samples, 15km east of Merredin at a rail-cutting

162

Plate 18: Brad Pillans taking a palaeomagnetic sample at Murrin Murrin pit 163
Plate 19: Kaolinite sample WA13 from a mottle 163

x

ABSTRACT
The study of landforms is a continuous and complex endeavour. The descriptions

'ancient landforms' by Oilier (1991), 'antiquity of landforms' (Twidale, 1998), 'inherite
landscapes' by Migoh and Goudie (2001), 'persistent landscapes' of Brunsden (1993) or
the 'palimpsest of landform' by Starkel (1987), highlight the diversity and depth of
research in the Earth Sciences dedicated to the understanding of ancient landscapes.
The scouring effect of glaciations and periglaciations has largely been believed to
have removed any semblances of pre-Quaternary landforms in the Northern Hemisphere.

However, as in the Southern Hemisphere, weathering profiles dating back to the Mesozoic
have been preserved in places. The recognised juxtaposition or palimpsest nature of

landforms, where old and new remnants lie close to each other has resulted from several
studies. The methods employed in studying these ancient landscapes should be robust

enough to cover the whole timeframe of geological landform history. This study employed
the oxygen-isotope technique in studying weathering profiles, supported by
palaeomagnetism where appropriate. Both these techniques date weathering profiles that
extend well beyond the Quaternary.
The regolith of southeastern and western Australia, in the states of South Australia
and Western Australia (Yilgarn Craton) were investigated. This was done based on the
pioneering work of Bird and Chivas (1988, 1989 and 1993), where an oxygen-isotope
geochronology for the Australian regolith was established. Weathering ages from the
regolith covered several geological times, the oldest being pre-late Mesozoic, and the
youngest, post-mid Tertiary, which was the most abundantly preserved.
Samples from southern Africa (South Africa) were subjected to a comparative

analysis using the Australian geochronology. Isotopic compositions for the various Afri
Erosion Surfaces differ, implying diversity in weathering ages. Some preliminary

xi

comparisons with the oxygen-isotope geochronology of Australia showed agreement. The
findings are quite encouraging, and warrant further research.
A comparison between palaeomagnetism and oxygen-isotope in dating weathering
profiles was assessed. Palaeomagnetism uses the iron-rich material, whereas the oxygenisotope technique largely uses kaolinite. Areas of agreement in ages have been observed,

although there were cases of discrepancies, due mainly to resetting of the palaeomagnetic
signal.
Palaeomagnetism was used to calibrate the oxygen-isotope signal in iron oxides,
mainly hematite within the weathering mantle. The aim was to have a geochronology
similar to that established using kaolinites. The findings have not been conclusive, and
more detailed sampling is required.
A study of deep weathering profiles sought to explore the nature of weathering as a

function of depth - from top to bottom, and in some cases, a lateral aspect (same mine pi

depth, but on opposite sides). The lateral aspect has been shown to have little effect on

isotopic compositions - that is, samples from either side of a pit yielded similar isotop
compositions. In the Yilgarn Craton, oxygen-isotope variation with depth has been

observed in some cases, but not others. Where the weathering profile incorporates distinc
weathering phases, the oldest phase occurs deeper in the profile.
The major findings from this study have been: the dating of breakaways in the

Yilgarn Craton, some as old as the late Palaeozoic to pre-late Mesozoic (Old Plateau?) an

a widespread post-mid Tertiary weathering phase, particularly in its southern portion wh
rocky outcrops dominate. The weathering ages ofthe breakaways do not fall into a single
weathering age, with some equated to the widespread post-mid Tertiary age (New

Plateau?). The antiquity of landforms for Australia and southern Africa was highlighted b
similarity in geological and oxygen-isotope weathering ages. This requires further

xii

investigation. Palaeomagnetism and oxygen-isotope techniques are effective in elucidating
landscape evolution, as demonstrated for several Australian sites.
However, it is revealed that both the oxygen-isotope and palaeomagnetic data may
be perturbed and re-set by later weathering events. Such complexity, while currently
potentially confounding, should prove valuable if the physical and chemical stability of
both iron oxides and kaolinite were better understood.

xm

ACKNOWLEDGEMENTS
During the course of this study, several people have contributed enormously in

several ways. Special thanks go to my supervisor Prof A.R. Chivas, for his guidance an

commitment in both fieldwork and analysis of the findings. Some of the sampling sites
were guided by Bob Bourman (South Australia) and Bob Young on coastal New South

Wales. Palaeomagnetic sampling and analysis was done by Brad Pillans at The Australia
National University, Canberra.
The following persons are thanked from the School of Geosciences: A/Prof Brian

Jones for XRD skills, Dave Carrie for his committed efforts in running XRD samples, J
Reid for fixing the computer problems, and Penny Williamson for volunteering to read
correct the thesis. Bradley McDonald at CSIRO (North Ryde, Sydney) carried out the
oxygen-isotope analysis.
Postgraduates in the School of Geosciences have been a great help throughout the
years. Special thanks go to Sue Murray, Martine Couapel, Kate Panayatou and Megan

Williams for passing on some software skills to analyse data. The postgraduate teamma

in lunchtime sport, were a marvel and fulfilling the "all work no play - no way" mott
the university sports and recreation centre.
My family, even though oceans away, persistently and patiently were the pillar of
strength. Special consideration goes to Thuo - the son who had to grow without the
presence and gift of fatherly love. Friends - 'the family we choose' have helped me

overcome hardships. Coming together in social activities helped reduce the despair an
anxious moments of having to be away from home. Through the years friends have come
and gone, but special thanks are to Mr Joel Moitsheki.
University of Botswana, my employer, provided all the funding for this PhD study.

xiv

CHAPTER 1
WEATHERING PROFILES AND THEIR DEVELOPMENT

1.1 Landforms and Weathering Development
Throughout geological time, there have been episodes of both tectonic activity
and quiescence, which together with climate influenced the formation, and the

preservation of palaeo-landsurfaces. Climate has been shown to oscillate between dry
and humid conditions. The climates had a direct bearing on the type of weathering

mantle that would predominate. In the continents of Australia and in southern Africa
where this study is based, landforms of great antiquity have been documented. The
oxygen-isotope method and palaeomagnetism, where appropriate, have been used to
partially unravel the development and ages ofthe weathering profiles.
Twidale (1998) observed that some ofthe earlier scholars compounded and

validated the notion of a youthful earth. The quote by Twidale (1998: 658) that "most
geologists and geomorphologists concluded that Hutton was surely right when he
stated that '...in the natural operations of the world, the land is perishing
continually...' (Hutton 1788 p. 296)." Gale (1992) reminded us of Thornbury's (1954,
1969) notions that Earth surface's maximum age was not beyond the Quaternary, and

most of it not beyond the Pleistocene; and Linton (1957) saw erosion cycles levellin
the landforms to peneplanation in about 10-20 million years. As Gale (1992) noted,

these debates of 'young Earth' still remained in the 1980s as Brown (1980) put l-2Ma
as the maximum Earth surface age. Essentially, old surfaces were believed to give
way to new ones, as the remnants of the old were eroded, then deposited and or
renewed as young landforms elsewhere. This notion made landform survival or
preservation of palaeosurfaces highly improbable. In addition, some of the earlier
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scholars had these proposed denudation rates as a verifying factor. With so m u c h
material to be removed from the landsurface, it made 'common sense' that there
would be no remnants.
Taylor and McNally (2001) observed the kaolinite ages established by Bird
and Chivas (1988) for the many weathering profiles. Some ofthe samples came from

the very ancient shield cratons, with demonstrably old ages. "This does not mean th

all the landscape features of the shields are old, but there is an ancient skeleton
them," (Taylor and McNally, 2001: 14).
That palaeo-landsurfaces are preserved has been documented by King (1962,
1963, and 1976), and others in Africa. Several studies in Australia have yielded

similar results. The existence of palaeo-landforms has not been without controversy

however. The philosophy in Earth sciences has tended to view landforms as youthful,

especially from some ofthe earlier researchers. The materials from old surfaces wer
believed to be destroyed by erosion, and re-deposited to arise as new formations.
The palimpsest or composite nature of landforms was also observed by Clarke

(1994a, 1994b, 2001) and Oilier et al. (1988). The younger regolith in the shield a
has been linked to Quaternary processes. This regolith covers large areas of the

shields, comprising alluvial, saline and clay-rich lacustrine, colluvial and aeolia

sediments. "Although derived from earlier regolith, they are distinct from the olde
deeply weathered regolith in that they were formed under very different climatic

regimes (Williams, 2001) and tend to be alkaline unlike the earlier highly acid old
regolith" (Taylor and McNally, 2001: 15).
King (1962) stated that landsurfaces had been dated using various methods,

these being: covering deposits with fossils; elevation above sea level; correlation

adjacent, already dated surfaces; correlation with episodes of erosion or depositio
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and the regolith development within the erosion cycle. Tectonic movements where

uplift is experienced, has been a complicating factor. This would make altitude of the

landsurface as a dating tool difficult, where no independent data exist on the tecton

history of a site. For the case of uplifted landforms, these would induce a new erosio
level, leading to the diminution ofthe very surface.
This then begs the question as to why relict surfaces still exist today. For the

case of Australia, low topography, tectonic stability, and near-absence of Quaternary
glaciations are factors that have been noted (Gale, 1992; Bird and Chivas, 1993),
although a fourth factor, namely the armouring effect of duricrusts can be proposed.
The low relief meant low denudation rates in the Mesozoic and Cenozoic, with rates
below lOm/Ma experienced (Gale, 1992). Australia is even hinted to have the lowest
denudation rate in the world. The second factor relates to long periods of tectonic
stability. Thus no new 'erosion levels' were established, thereby minimising the
degradational factors of erosion. Low potential energy and slow processes that
hindered further bevelling thus dominated the landscape. The third factor is the
scouring effects of glaciation. The glacial cover in the Australian continent was
minimal, with the palaeosurfaces being preserved. Taylor and McNally (2001) noted

that, despite the Eastern Highlands being of high relief, some of it was as old as the
older rocks ofthe shield regions. Gale (1992) put 50km as the areal extent of glacial

cover on the Australian mainland during the last glacial cycle, after Galloway (1963).
The low denudation rates experienced by Australia, have to be put in context are low denudation rates a sufficient explanation alone? Gale (1992) expounded on

low denudation, that in addition to being low, it must be localised, and remain so ove
long geological time. Three factors are advanced; denudational isostatic rebound,

3

wearing back of valley sides as opposed to wearing down, and progressive
entrenchment of valleys localising erosion in the landscape.
Denudational isostatic rebound may occur where repeated uplift is

experienced, thereby rejuvenating rivers and preserving landscapes on the interfluv
With the localised erosion along a river valley, "the net elevation of the uneroded

plateau actually increases whilst the average elevation of the entire area decrease
Q

(Gale, 1992: 338). This could be attained over timescales as long as 10 years,
according to the model of Lambeck and Stephens (1986), as quoted by Gale (1992).
Palaeosurfaces may survive where valley sides erode backwards rather than
wearing down - the parallel retreat model. The rate of 'wearing backwards' would
then determine the time it takes to destroy the interfluves. Many parts of the

Australian landscape are capped by duricrusts, thus may bear testimony to the parall
retreat mode of landscape evolution (Plates 2 and 3).
Localised erosion may be experienced due to progressive entrenchment of
valleys as a result of differential weathering of rocks, hence erosion. Rocks have

various susceptibilities to weathering - with most being stable in dry climate regi
but are prone to chemical decomposition in humid conditions, and are subsequently
eroded. The low denudation rates quoted for Australia do not preclude episodes of

pronounced erosion in the landscape at certain geological times. The low rates may b

prominent in the continental interior, but high on the margins either due to upwarpi
or river rejuvenation.
A fourth factor in landscape preservation may be the armouring effects of

duricrusts (e.g. silcretes, ferricretes). These indurated materials have been sugge
as protecting Cretaceous weathering profiles in southern Africa (Marker and Holmes,

1999; Birkenhauer, 1991). Birkenhauer (1991) noted that the elevation of these fossi

4

ferruginous cappings tended to be at 400 to 1000m above sea level. These occupied
Natal and northern Eastern Cape. Further, the iron crusts were of pre-Eocene age,

belonging to the Gondwana continent laterites, "because since the Eocene many crus

in India, Australia and southern Africa can be shown to have been widely destroyed

new ones not to be formed again since then. (Cf. the remarks on deep weathering of
laterites in Natal," Birkenhauer (1991: 97). These conclusions were based on the
findings of Valeton (1983) as quoted by Birkenhauer (1991).
The duricrusts can be used as morphostratigraphic markers, Twidale and
Bourne (1998b), Marker and Holmes (1999), Birkenhauer (1991), Firman (1994). As
Bourman (1989, 1993a,b, 1995) stated, great caution was needed when using
duricrusts, as they may not be ofthe same age. Twidale and Bourne (1998b) noted

that the problem related to extrapolating from dated to undated duricrusted surfac
securely.
Added to the complications of using duricrusts in correlations, is the nature of
the landform, the example being a duricrust occurring on a pre-existing regolith.

Thus, that there may be a duricrust capping a weathering profile does not necessar

mean a genetic link. Oilier et al. (1988) have assessed the notion of Old and Youn

plateaux in the Kalgoorlie region of Western Australia. A diagrammatic illustratio

the landscape presents a simple scenario of landform evolution. However, landscape
evolve in a complex manner, as can be seen with breakaways occurring on different
planation surfaces.
Oilier et al. (1988: 316-17) stated, "in brief, there may be no Old Plateau and

no New Plateau! There has been a history of repeated incision, alluviation, and th

formation of weathering profiles and duricrusts. At any particular spot a duricrus
outlier, bounded by breakaways, may dominate the local landscape."
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If m o d e of formation of duricrusts is considered, w e m a y take ferricretes as an

example. These are formed in any ofthe following three ways: the edge effect (where

hillslope iron indurates upon oxidation on the lower slopes); relief inversion; and

groundwater ferricretes. In a study of landform evolution, such complexities need t

be factored in. The findings for the effect of ferricretes on landforms are equally
applicable to silcrete occurrences (Oilier, et al. 1988). Botha (2000) noted the
continued formation of silcrete in evaporative environments in southern Africa,
examples being the island edges of the Okavango Delta and Makgadikgadi salt pans
located in Botswana.
Twidale and Bourne (1998b) observed that the polygenetic and polycyclic
nature of duricrust development could be elucidated with their improved dating and
understanding. This would be realised when taking into account the diachronous and

polycyclic nature of landscape evolution (the age range concept), and putting it in

stratigraphic framework. Here a more holistic approach to landscape dating seems to
be more appropriate. The resurgence of new dating methods can only be seen in the
same light.
Migoh and Goudie (2001), from their study of the British Isles, indicated
various ages for weathering profiles documented. For the Northern Hemisphere,
where maximum glaciation was believed to have removed pre-Quaternary landforms,

the existence of Tertiary weathering profiles highlights the circumstantial eviden
that denounced landform preservation in the first place.

1.2 Palaeoweathering and Landform Antiquity
The existence of weathering profiles and their dating has been investigated
with a view to understanding the landscape evolution, palaeoclimatology and in
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mineral exploration. The palaeosurfaces that developed in the past geological times,
mainly pre-Quaternary, are the focus of this study. Weathering of various rock types,
in conditions influenced by both climate and tectonics, produced the landforms. The
resulting landforms have largely been preserved due to minimal glaciation in the
Southern Hemisphere, compared with the Northern Hemisphere. In addition, the
subdued topography made for low relief, hence low erosion rates.
In Section 1.1, the existence of old surfaces has been demonstrated. The
emphasis here is whether weathering profiles have survived the widespread
Pleistocene glaciation that covered Europe. According to Migoh and Goudie (2001),
southwest England has weathering mantles, typified by kaolins and other kaolinite-

rich mantles of up to 60m, that date from Mesozoic to early Tertiary. The distribution

of weathering residues, albeit at varying levels of weathering advancement, have been
documented across Britain. These include southern Wales, northeastern and western
Scotland (Migoh and Goudie, 2001).
The weathering ages in southwest England, of early Tertiary, and in some
cases, late Cretaceous age, are supported by evidence from other parts of Europe.
"...Lidmar-Bergstrom (1986) suggested, on the basis ofthe composition of Jurassic
and Cretaceous deposits in southern England and correlation with well dated
weathering in south Sweden, that the age of deep kaolinisation may go back to the
Mesozoic, to the times prior to Late Cretaceous transgression" (Migoh and Goudie,
2001: 425). The existence of these ancient-weathering profiles, however, does not
preclude Quaternary renewals, in some cases. Suffice to say, the Pleistocene
glaciations and Quaternary imprints were not enough to completely obliterate the
former denudation (landscapes).

In

southern

Germany,

the

Bohnerz

Formation, comprising

isolated

occurrences of iron-rich material within a kaolinite matrix, have been dated to th
Cretaceous to early Tertiary etchplanation phase (Borger and Widdowson, 2001).
Thus, the existence of palaeo-weathering profiles in Europe has been

demonstrated. This is despite the state of weathering profiles - highly kaolinised
hence easy to erode. Their preservation modes include incomplete scouring or

obliteration by Pleistocene glaciation and periglaciation, as in the case of Briti

and the palimpsest nature of southern Germany, controlled and influenced by regiona

tectonics. This meant the profiles were protected from erosion due to their being i
depressions and pits, in southern Germany (Borger and Widdowson, 2001).
Dating of weathering profiles, however, has proved difficult (Acton and
Kettles, 1996). Several techniques have been employed, with varying levels of
success in constraining the ages of formation (Table 1).
Table 1: Techniques used in dating weathering profiles.
Dating Technique

Achievements of the Technique

Oxygen-isotopic ratios

Profiles

are

dated

to

about

20Ma

intervals, or within geological epochs
(Australia only)
Geomorphological

Planation

surfaces

have

weathered

profiles, but only m a x i m u m ages given
Stratigraphy

Gives m a x i m u m ages.

K-Ar

High precision, but vulnerable to resetting ofthe signal

Palaeomagnetism

Moderate

precision

but

could

give

inaccurate ages.
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1.2.1 Australian Landscapes
Australian landscapes can be categorised into three, namely; the Precambrian
shields, the Eastern Highlands and the central Sedimentary Basins. Their surfaces
were subjected to geological and climatic modifications with time. In the western
parts of the Australian interior, the weathering profiles may date to the Palaeozoic,
and according to Oilier et al. (1988), and Gale (1992). Taylor and McNally (2001)

pointed to the shield areas of Australia as being of relatively low relief and having
developed on Precambrian rocks. Freeman (2001) stated that the ancient shield
regions have been stable, and not undergone major changes over the past 2000 million

years. The Pilbara and Yilgarn, both in Western Australia, are the oldest cratons ofth
continental plate of Australia. The Archaean Yilgarn Craton (covering an area of 660
000 km ) has a complex evolution history. Some of its relict saprolite dates back to
Late Permian to Middle Jurassic. Weathered regolith predates the palaeodrainage
system that incised to fresh rock. Clarke (1994b) put the amount of denudation at
about 400m that was eroded to fill the adjacent Eucla, Perth and Great Australian
Bight Basins. This stripping occurred during the Middle Jurassic to Early Eocene,
when the palaeodrainage was formed. The scouring was coupled with deep
weathering at the time.
However, later onset of aridity impeded the drainage system, creating an array
of lakes. The lakes are commonly separated by sand dunes. The Pliocene saw
intensified aridity that predominates to the present. Thus landform evolution in the
Yilgarn is best understood through understanding the past conditions (Clarke, 1994b;
2001) - where the past is the key to the present and not vice versa.
Freeman (2001) expounded on some ofthe conclusions on the genesis ofthe
Yilgarn Craton - specifically where the eroded material was deposited. The
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continental Permian glaciation m a y have eroded the Yilgarn, depositing sediments

both within the adjacent basins and on its edges. New evidence from dating detrital

zircons point to little erosion of the Yilgarn. The record for early Cretaceous fro
about 130Ma does not support the notion of the Yilgarn contributing arenaceous
sediments to the Perth Basin, according to Sircombe and Freeman (1999) quoted by
Freeman (2001). Similar conclusions were reached by Cawood and Nemchin (2000),
as quoted by Freeman (2001) - indicating the Yilgarn was of low relief since the
Permian or approximately 200Ma ago. Their zircon ages suggested the Perth Basin
sediments could have the Albany-Fraser Orogen and possibly Antarctica and India as
the source regions. These regions were close to the Perth Basin for a considerably

long time, it is argued. Clarke (2001: 53) stated "little can be inferred about the
ofthe landscape from the Late Permian to Early Jurassic because ofthe absence from
the Yilgarn Craton and adjacent basins of sediments of this age."
Similar sentiments were echoed by Dammer et al, (1999), who analysed and
dated K-manganese-bearing weathering deposits. From their findings they concluded

that, even though the favourable conditions for intense chemical weathering may hav

prevailed in some areas of Australia since the Permian, the evidence for pre-Terti
weathering products was scarce. It is believed older weathering products may have
been eroded or re-dissolved in subsequent or younger weathering phases. Erosion in
the Yilgarn has been proposed by van de Graaf (1981), Gale (1992), Salama (1997)
and Clarke (1994a, b, 2001).

1.2.2 Southern African Landscapes
The modes of landscape evolution in Earth Sciences have changed throughout
time. The southern Africa region was of interest to several scholars, for example,
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Penck and later his son, W . Penck, Kayser, Born (1930), Rogers (1920, 1928) and
King- the scholar who shapes the views of Earth scientists to this day, quoted by
Birkenbauer(1991).
King proposed a model, whose details and origins were assessed by
Birkenhauer (1991). Four categories are realised in King's model.
i) The monocline nature of Natal; this had earlier been proposed by A.
Penck.
ii) The successive retreat of the Great Escarpment due to erosion and
denudation, from its original place near the sea; Born's (1930)
proposal.
iii) The forelands planations whose initiation started at knick-points in
thalwegs of rivers caused by uplift; W. Penck's proposal.
iv) Pediplanation - a planation due to pediments widening on the longer
slopes of scarps, with later merging of the pediments to form wide
plains; King's original idea.
Birkenhauer (1991) stated that the scarp retreat was a result of a series of erosion
cycles that initiated with onset of successive uplift and tilting episodes.
The review on landform evolution in southern Africa proposed by Partridge
and Maud (1987) put the scene more clearly for the chronology ofthe subcontinent.
Birkenhauer (1991) did a re-appraisal, but as Twidale (1998) observed, the model
proposed by King remains largely applicable. Partridge and Maud (2000: 17) stated
that the value of King's work, "remains little diminished by the more recent
conceptual and theoretical advances reviewed in this chapter."
The model proposed by Partridge and Maud (2000) for southern Africa
observed the existence of Africa as a unique continent in that it had high plains

n

(elevated plateau due to its anomalous hypsometry), with even higher mountains. The

geological/geomorphological evolution of southern Africa is complex, but it was free
from scouring by Pleistocene glaciation. The fragmentation of Gondwana yielded the
Great Escarpment, which experienced backwearing during the Cretaceous.
The polycyclic African Surface cut on either side of the Escarpment, to be

followed by a dense drainage network over the surface, still into the Cretaceous. Th

deep weathering profiles developed during this time in a humid and probably tropical

climate. The 'laterites' developed in the east, silcretes in the west and the calcre

the central areas. This is believed to have occurred at the end ofthe Cretaceous. Fr

the foregoing it would validate the points made by others, e.g. Birkenhauer (1991) a
Marker and Holmes (1999) and Partridge and Maud (2000), that the palaeosurfaces
have been protected by the duricrusts. Birkenhauer (1991) noted two types of

silcretes, and that some ofthe ferruginous cappings were weathered at the top sectio
The two Neogene uplifts induced both relief and climate changes. The first
uplift changed the drainage system, both in flow direction and energy levels due to
rejuvenation. Kopjes (inselbergs, bornhardts) were exhumed 100-250m below the
African Surface, forming the Post African I phase (Partridge and Maud, 2000). The
onset of aridity in the Miocene induced sand mobility along the Atlantic coastline,
hence the formation ofthe Namib Desert.
The second uplift, which was a minor one, occurred in the Pliocene, and had

the major effect of increasing relief along the Great Escarpment. The uplift led to
erosion levels that reached coastal rivers in the east. In addition, the highlands
produced rain-shadow areas from Indian Ocean moisture.
Tectonic movements and ocean currents (e.g. the cold Benguela on the
Atlantic Ocean) influenced the climate in the Cenozoic along coastal margins. The
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stepwise cooling of the oceans experienced as the continent drifted northwards across
14° of latitude occurred during the Cretaceous (Partridge and Maud, 2000). The
eastern margin of the subcontinent was uplifted and induced the initiation of the
upwelling cold Benguela current, creating a climatic gradient. This new climatic
gradient established in the mid-Miocene predominates to this day.
The Pleistocene was dominantly an oscillating climate system, which had
influences from orbital forcings. The oceanic and atmospheric circulations in the
region had a strong effect as well. The glacial/interglacial came at the end of the
Pliocene (Tyson and Partridge, 2000). The LGM (Last Glacial Maximum) occurred in
the late Quaternary, and decreased temperatures by about 6°C in the sub-region, and
ended about 15ka. The climate of southern Africa, up to 6000BP, can be correlated
with data from ice cores including Vostok, Greenland and that of the Northern
Hemisphere in general, from Tyson and Partridge (2000). This makes comparisons of
landform processes across continents viable.

1.2.3 Comparative features, Australia and southern Africa
In Australia, the Kalgoorlie region within the Yilgarn Craton was studied by
Oilier et al (1988) who proposed a chronology of events (Table 2).
Clarke (1994b) made a similar study in the Kambalda region, and concluded
the results would be applicable to the whole Yilgarn. This suggestion is accepted in
this study. Oilier et al. (1988) stated that there was little in the way of geological
records prior to Permian glaciation, hence their decision to start landform evolution
from then. In the Cenozoic, the landscape evolution was of many relief inversions,
coupled with cut and fills alternating with weathering and hardpan formation.
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Table 2: Kalgoorlie region, Western Australia landform evolution, after Oilier et al.
(1988).
Permian

Glaciation dominates.

Mesozoic

Deep weathering with minor planation.

Next Stage

Drainage

network

with

vast valleys

kilometres wide.
Jurassic

Gondwana break-up.

Eocene

Rivers incise valleys of weathered mantle

Upper Eocene

Marine incursions due to eustatic sea rise

Next Stage

Tectonic uplift up to 300m, differential

Cenozoic (Eocene sediments fill valleys)

Sedimentation, weathering and duricrusts

Mesozoic and Cenozoic Climates

Initially w a r m and humid climate, later
aridity - salts, sands, drainage sluggish.

The time between the Carboniferous and the early Permian was wet and
dominated by glaciation (Taylor and McNally, 2001; Gale, 1992). The drier periods
were experienced in the early Triassic, early Jurassic and the mid-Cretaceous. The
continued chemical weathering in the late Palaeozoic, Mesozoic and a large part of
the Cenozoic occurred under conditions of cool to cold temperatures.
The late Neogene was characterised by increasing aridity, and the oscillating
warm wet climates ofthe Quaternary. Quaternary major glacial activity in Australia

was restricted to highlands of Tasmania and a small area around Mt Kosciuszko in the

mainland. The glacial climates were felt on the southern and highlands of Australia,
about 18ka.
Overall, the model of landscape evolution proposed for the Kalgoorlie region
is based on repeated exhumation and reburial. The Yilgarn cratonic surface was
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reduced by "...alternation of etchplanation and pediplanation, leading to the
formation of a polygenetic surface of low relief (Oilier et al, 1988: 320). The
findings of Clarke (2001) follow the same conclusions.
The Precambrian Shield in Australia is a vast planation surface that is covered
with weathering profiles in the arid and semi-arid areas. The historical geological
development ofthe shield is preserved within the weathering profiles, sediments, soils
and their stratigraphy. The weathering zones and palaeosols record the history of
weathering since the Proterozoic (Firman, 1994). The chronology advanced by
Firman (1994) recognised palaeosols as recording evolution of the regolith. The
weathering zones and bleached rocks arose from successive landscapes after the early
Palaeozoic. Thus most of the weathering profiles in the Yilgarn would fall within this

category. The next mantle of interest is the ferruginous mottling, ferricrete and silcre
pans that formed after early Cenozoic. The regolith formation that followed was
ferricrete and clay palaeosols (some of which were earlier described as 'laterite')
formed during and after Pliocene. The last layer is the calcretes, which overlie the
laterite and silcrete profiles, formed after early Pleistocene from younger soils.
In southern Africa, duricrusts have been shown to equate to certain erosion
surfaces. Birkenhauer (1991) noted the existence of ferruginous cappings in Natal and
northern Eastern Cape. Towards the Western Cape (East London to Calvinia), the
landscape is dominated by silcrete. Both the duricrusts are believed to be of the same
age, as they both cover the Cretaceous surface. Variation in type of duricrust capping
is attributed to the palaeoclimate - more humid conditions produced the 'laterites'
whereas arid conditions promoted silcrete induration. Thus the cappings varied not
due to time but a spatial difference in climate. The calcretes are believed to belong to
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the Quaternary (Pleistocene pluvials), and thus have no bearing to the palaeosurfaces,
especially the Great Escarpment.
The similarity in duricrust covers as proposed by both Firman (1994) and
Birkenhauer (1991) for the two continents is quite striking. In both cases, the
existence of ancient landforms (their preservation) has been demonstrated. In
assessing the ages of the landforms, a comparative analysis between the areas of the
continents seems to be highly plausible if not valid.

1.3 Isotopic study of alunite, bauxite and K-Mn oxides in Australian regolith
Previous studies of the Australian regolith have been explored by several
chemical methods. This section focuses on those studies that incorporated isotopic
analysis for the weathering profiles examined. In outlining the findings of these
studies, a clearer picture may emerge of the dates and conditions of weathering at a
variety of sites.
Isotopic analysis by Bird et al. (1989) examined the isotopes of hydrogen and
sulphur in surficial alunite. Alunite contains several elements, notably oxygen,
hydrogen and sulphur, amenable to stable-isotope analysis. The value of such analysis
is three pronged: i) it elucidates the conditions of formation of surficial alunite;
nature of waters present during weathering can be determined, and, iii) the source of
the alunite, i.e. the chemical components that formed the mineral, are detailed.
The occurrences of alunite in nature have been shown to be varied (Bird et al,
1989). Alunite may form in regolith profiles that are experiencing desiccation (Table
3) - they are the precipitate that results, hence the last geochemical record. This
would mean the alunite would record the youngest possible age of the weathering

profile, as wet episodes would or m a y continually re-set it. The K-Ar dating of alunite
gives quantitative estimates of ages ofthe regolith or weathering.
The high 8D values of the samples usually indicates the evaporative
conditions that ensue during alunite formation. This modification of meteoric waters
during evaporation occurs in the regolith profiles following episodes of active
weathering or humid conditions during which alunite cannot precipitate.
Table 3: Occurrences of alunite in Australia, after Bird et al. (1989).
Occurrence of Alunite

W h e r e found

In supergene zones

M a n y ore deposits.

In weathering profiles

Not related to mineralisation, especially
on sulphide and mica-bearing sediments.

Authigenic

A s a precipitate from acid crater-lake
waters; also

in Quaternary

salt-lake

sediments in Australia.
Diagenetic (alunite and natroalunite)

In

Miocene

sediments;

Tertiary

to

Quaternary sediments in South Australia.

The findings from the alunite study (Bird et al. 1989) based on 8 D and 8 S,
highlighted the origin and mode of genesis of the mineral from many surficial
environments. The 8D values of alunites from weathering profiles indicated the
mineral formed in equilibrium with evaporated shallow groundwaters as the regolith
experienced desiccation. Bird et al, (1989) proposed the equilibrium fractionation
factor between alunite and water at surficial temperatures, a

y

= 1.004.

The sulphate isotopic composition was instrumental in establishing the origin
of the sulphate within the mineral. The high 834S indicated marine sources, with the
sulphur blown inland into lakes and the regolith throughout the weathering history of
Australia (Bird et al, 1989). Combining 8D and 834S differentiated between
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supergene and hydrothermal settings. The high 8 D values differentiate alunites of
supergene oxidation from those that were formed under steam-heated conditions,
whereas the 834S values equally readily distinguished between hydrothermal and
supergene settings.
The K-Ar ages of alunites from several locations in Australia were established
by Bird et al. (1990b). The areas studied include Queensland, South Australia and
Western Australia. Comparisons were made between K-Ar and other dating methods.
Some examples include the Springsure site in central Queensland, whose oldest age
was 60+/-10Ma, tying well with the palaeomagnetic age by Indnurm and Senior
(1978). The Mt Leyshon results gave ages 1.5-3.9Ma, and correlated with dated

basalts 1.3-3.9Ma by Grimes (1979). The South Australian opal fields at Coober Pedy
yielded two ages of formation (15.6 - 17.9Ma, and 8.4-11.8Ma) - highlighting
alunite, hence opal formation of mid-Miocene and late Miocene age, respectively.
Again the age distribution was consistent with the geological and geographical
relationships ofthe deposits.
Kangaroo Island and Noarlunga Embayment in South Australia were other
sites studied. At Kangaroo Island, K-Ar dates from alunite of 6.2 and 12.0Ma were

found, thereby linking alunite formation to the mid-to late-Tertiary iron mobilisa
of Schmidt et al, (1976). There may be an association of alunite and iron minerals
during mobilisation, where they may both undergo dissolution in water/groundwater
movement. The Noarlunga Embayment was shown to have been exposed to oxidation
about 0.74Ma.
In Western Australia, alunite samples were obtained from both the Proterozoic
and Archaean basements. Wonyulgunna Hill harboured alunite from the deeply
weathered Proterozoic granites and sediments, with an age of 60.9Ma. This age
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provided the first numerical evidence that early Tertiary or older regolith existed in
Western Australia. The earlier researchers had only made inferences about its
existence. The Archaean basement of Western Australia can be commonly weathered
to depths of 30m (Bird et al, 1990b). At Kanowna, a K-Ar Pliocene age of 4.9Ma
was found, and this was consistent with stratigraphic evidence. The Yilgarn Block is
largely believed to have undergone weathering for a protracted time, the onset of
which was initiated at least in the Tertiary (Twidale and Bourne, 1998a,b; Clarke,
1994a, 2001; Salama, 1997; and Butt, 1981). Bird et al, (1990b) thus see the Pliocene

K-Ar date as reflecting the later desiccation of acid, sulphate-rich groundwaters that
percolated the pre-existing profile.
Thus alunite has been shown to form late in a weathering profile, the
exception being alunite from the supergene zone of some ore deposits (Bird et al,
1990b). The late formation of alunite means K-Ar dates derived are the minimum age

for the profile that harbours the alunite. Idnurm (1986) has also proposed the resetti
of chemical remanent magnetisation as the profile dries out after a humid, active
weathering phase. This then, means the palaeomagnetic and the K-Ar alunite ages of
weathering profiles may suffer similar re-setting problems, hence may yield minimum
ages ofthe profiles investigated.
Bauxites are weathering profiles enriched in aluminium hydroxide minerals
like gibbsite, diaspore and boehmite. The conditions that favour bauxite formation,
based on palaeodata of the climate and the environment are (Acton and Kettles,
1996):
i) humid conditions, with precipitation of 1200-1500mm/yr,
ii) a vegetation cover that facilitates silica removal and enhance leaching
through their root system,
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iii)

elevated landforms of about 1450m, with low relief. Leaching by

groundwater, keeping the weathering profile from sediment
accumulation and low erosion are pivotal conditions here,
iv) the parent rock is preferably poor in iron, but rich in aluminium.

Often the climate type is assumed to be hot, but studies on bauxite formation
have shown this not to be a necessity (Bird and Chivas, 1993).
Lateritic bauxites at Weipa, and other localities in Australia and abroad were
commonly (but not universally) formed under monsoonal climates. Thus the isotopic
composition of gibbsite in Weipa was similar to that of present-day groundwaters.
The bauxite was of mid-Tertiary age, thus a similar isotopic composition of the
groundwaters (between then and now) points to existence of monsoons in the area

since that time. The finding is crucial in establishing the climatic conditions duri
the formation of the bauxites. The climatic conditions thus discovered help in
providing a climatic database from the Australian regolith.
Isotopic studies based on argon dating (both K-Ar and 40Ar/39Ar methods)
from manganese oxides in Australia have indicated multiple ages of weathering. In
addition, a global comparison between Australia and Brazil highlighted intense
weathering periods in the Tertiary.
A manganese deposit at Groote Eylandt in northern Australia showed that the
periods of weathering were initiated by humid climate. The humid conditions were
vitally important in the evolution of the manganese deposit (a kind of supergene

enrichment). Weathering dates from the Groote Eylandt deposit were identified at; 44
30, 17, 15, 13, 9 and 7Ma (Dammer et al, 1996). That these weathering dates could
be correlated to others elsewhere in Australia meant widespread humid conditions in
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Australia during the Tertiary ( D a m m e r et al, 1999). In addition, these humid
conditions (conducive to intense chemical weathering) during the Miocene could
reflect a global spread, as evidenced by Brazilian samples. The findings by
Vasconcelos et al. (1994a) confirmed Miocene weathering in western USA (Late
Miocene, lOMa) and some weathering profiles in West Africa were also of Miocene
age (13Ma). The oxidation recorded in the weathering profiles in Africa, Brazil,
Chile, USA and Australia is further testimony to worldwide development of these
mantles. The records from these studies are indicative of former climates that may be
different to those ofthe present (Vasconcelos et al, 1994a). After the Late Miocene,
the climates tended towards aridity and were cooler, probably due to an increase in
the Antarctic ice sheet (Dammer et al, 1999). This is suggested to have halted the
formation ofthe K-manganese oxides.
For Archaean and Proterozoic bedrocks in the Carajas Region of Brazil, the
lateritisation of these rocks was measured employing the K-Ar and 40Ar/3 Ar of

potassium-bearing manganese deposits related to the lateritisation. From the findings,
weathering could be established to have started as far back as 72Ma (Vasconcelos et
al, 1994b).
The research by Dammer et al. (1999) showed manganese deposits could be
enriched with both cryptomelane and manjiroite - a Na-rich cryptomelane that forms
in arid/hypersaline conditions. This meant weathering episodes could be established
and dated. The alternating bands ofthe two minerals within a manganese deposit were
indicative of humid (cryptomelane) and arid (manjiroite) conditions. Ages within the
individual bands were similar, but different from the adjacent ones, thus indicating
episodic as opposed to continuous formation of the minerals, hence the weathering.

The cryptomelane (from northern Western Australia - the Pilbara) yielded ages of late
early Eocene to early middle Eocene, between 52 and 48Ma.
From the isotopic studies outlined above, several crucial weathering
conditions and ages have been established. The established ages of weathering

mantles would be vitally important in comparing with the findings from this study. A
multi-faceted approach to weathering profiles - by applying various techniques, is

crucial in determining the nature of landscape evolution, and may further be applied
to mineral exploration.

1.4 Thesis Research, Aims and Objectives
The main objective of this research is to elucidate conditions of weathering
profiles - their development and ages. The study is carried out using the stable
oxygen-isotope method. Several sites in Australia; the Yilgarn Block in Western

Australia, weathering profiles in South Australia and some coastal samples along the
New South Wales coast, make one set of data from Australia for this study. The
results obtained add to the volume of data needed in understanding the development
and ages of the Australian regolith. Comparisons will be made with weathering ages
established by other methods, including K-Ar and Ar/ Ar dating of weathering
profiles across the Australian landscape.
Southern Africa, stretching from Cape Town area to the Natal Province was
also sampled. These samples have been analysed using the same oxygen-isotope
method, and further compared with the dates for the established Australian
chronology by Bird and Chivas (1988, 1989, and 1993). An attempt at making or
applying the same chronology will be assessed.

For Australian samples in the Yilgarn Block, and to some extent in
southeastern South Australia, an oxygen-isotope map has been attempted. As Chivas
(1983) proposed, the isotopic compositions could mean depicting climatic variations,
and therefore a palaeo-climatic map.
As has been indicated in the preceding sections, weathering profiles are
intricately related to the duricrusts. Part of unravelling the mechanisms of
development, especially for the 'laterite' or ferricrete profiles, incorporate dating
these indurations. This can be attempted using palaeomagnetism, at least in Australia.
The introduction of palaeomagnetism serves two purposes; on the one hand to make
age comparisons to the kaolinite ages, and secondly to be used to calibrate the ages of
the iron (III) minerals whose oxygen-isotope values have been analysed.
Thus for weathering profiles that are capped by iron (III) minerals, this thesis
also aims:
i) To address processes and time-related relationships between the upper
ferricretes/laterites and the underlying mottled, and bleached zones that are
normally kaolinite-rich.
1 Q

ii)

T o establish whether 8 O values of iron oxides can be used to provide general

ages of formation as has been achieved for clay minerals.
iii) To explore the conditions under which iron oxides are precipitated (e.g.
evaporation of groundwaters) in the landscape.
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CHAPTER 2:
CLAY MINERAL ANALYSIS USING STABLE ISOTOPES (8180)

2.1 Background on oxygen isotopes and clay mineral formation

Craig (1961) showed that most meteoric waters - except for evaporating

basins and hot springs, have isotopic compositions lying close to a st
meteoric water line - MWL), defined by;
8D = 8 818O+10, equation 1
9 1 o

where D is deuterium (i.e. H) and O is oxygen-18.

The work of Epstein et al. (1965) highlighted that the isotopic compos

many groundwaters behaved according to the linear relationship outline
equation 1.
Savin and Epstein (1970), on using oxygen- and hydrogen-isotope
geochemistry of silicate minerals formed in sedimentary or diagenetic

found a consistent relationship between meteoric waters (constant frac

factors) and Earth-surface kaolinites. The relationship suggested frac

were equilibrium ones, and that kaolinites form in isotopic equilibriu
environment, according to the equation:
8D = 8 (Da/18a) 8180 +1000 (8 (Da/18a) - 6.99 Da - 1) equation 2
and that the Da = 0.968 and
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a = 1.026, from Savin and Epstein (1970)

(1980).

The linear relationships of Craig (1961) and Epstein et al, (1965) wer
applied to clay mineral formation.

The factors that may influence the isotopic composition of a clay mine
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i)

the isotopic composition of the various waters present w h e n the clay is

formed,
ii) the temperature at which the clay mineral is formed,
iii) whether the clay mineral attains isotopic equilibrium with its environment.
Once formed, the clay minerals do not undergo any subsequent oxygen isotope
exchange. Recent work has shown the same for deuterium (Giral-Kacmarcik et al,
1998; Harris et al, 1999; Mora and Pratt, 2001; and Yapp, 2001). Lawrence and
Taylor (1971) worked on Quaternary soils, and confirmed the oxygen-isotope
relationship and retention in kaolinites. The results were extrapolated to make
implications about isotopic values across climatic zones. Lawrence and Taylor (1972)
furthered their work using kaolinite, gibbsite, montmorillonite and halloysite, from
semi-arid to sub-tropical regions in the altitude range, 150 - 2000m. They concluded
that clay minerals and hydroxides resulting from weathering may attain drastically

different isotopic compositions to their parent rocks. Further, the weathering products
formed in isotopic equilibrium with meteoric waters.
The landmark paper by Chivas (1983) observed that several minerals resulting
from weathering retained data on meteoric water in which they formed. The
groundwater isotopic composition reflects the climate of a region unless the
groundwater has migrated from elsewhere or been heated. On a global scale, isotopic

variations in weathering minerals exist due to climate variations and tectonism (uplift
or continental drift). This means "the isotopic composition of clay minerals may be
used to calculate the composition of meteoric water at the time of clay formation and,
in turn, to infer the air temperature at this time," (Chivas, 1983: 43).
Prior to the work of Chivas (1983) there were no stable isotope data on the
Australian regolith. Dating was based on geomorphic mapping (relative dating only)
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and palaeomagnetism (fitted to a polar wander curve). The work by Chivas (1983)
suggested that, maybe an 'apparent polar drift curve' based on isotopic data could be
established for Australia - to compare with the palaeomagnetic one. Australia has
drifted north across 30 degrees of latitude since the Cretaceous. Different parts of
Australia could be mapped isotopically, and, if each weathered site developed over a
short period, then the isotopic maps would be climatic maps.

2.2 Weathering and the Australian regolith
On studying the stratigraphic sequences of the Australian Precambrian Shield,
especially the margins, Firman (1994: 149) stated that "within these sequences,
stratigraphically associated or as companion materials, weathering zones and
palaeosols were developed which individually and as assemblages of layers and
horizons record the history of weathering and soil formation since the Proterozoic."
Bird and Chivas (1988) pointed to well preserved deep weathering profiles in
Australia, preserved due to low erosion rates coupled with no major Quaternary
glaciations (unlike the Northern Hemisphere). Thus, weathered regolith from the Late
Palaeozoic or Early Mesozoic has been preserved in surface or near-surface exposures
since its formation. Regolith mantles across geological time may have originated from
weathering and diagenesis of older materials. The processes of hydrolysis, solution,
oxidation, reduction and carbonation operated under the influence of the prevailing
biosphere (Firman, 1988, 1994). Australia drifted from Antarctica about 95 Ma ago to
the north, from high latitude, during middle Cretaceous to the present position of
between 11 and 44 degrees south. The strong correlation between isotopic
composition of meteoric water and factors such as latitude, altitude and continental
position mean the 8180 values of Australian surface waters became progressively
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isotopically heavier since the mid-Cretaceous. Kaolinite and gibbsite are c o m m o n in
the Australian regolith, and are useful recorders of these isotopic data.
The products of this ancient weathering now stand as remnants, or fossil soil
horizons. These are soils with ancient elements (palaeosols) and Firman (1988:381)
stated, "profound changes in groundwater composition during soil evolution are
implied by the difference in composition of the palaeosols recorded." Deep
weathering development occurred in the presence of contemporaneous meteoric
waters, whose oxygen-isotope signatures are preserved, via equilibrium isotopic
fractionation factors, in kaolinite and gibbsite. From an analysis of the Precambrian
shield stratigraphic sequences, Firman (1994) proposed four mantle ages:
i) Older weathering and the bleached rocks resulted from successive landscape
changes after the early Palaeozoic,
ii) After the early Cenozoic, were the ferruginous mottling, ferricrete and silcrete
pans,
iii) Ferricretes and mottled clay palaeosols (some had been labelled as 'laterite'),
formed during and after the Pliocene,
iv) Overlying the laterite and silcrete profiles in places, are calcretes and younger
soils that formed after the early Pleistocene.
Deep weathering profiles, bauxites and iron oxides need high rainfall and efficient
leaching for their development. Climate, especially, tropical to sub-tropical
temperatures, speed up reaction rates. The subdued topography is vital in profile
preservation. The profiles, which can be hundreds of metres thick, may form over IO4
to 10 years. These incorporate the long-term gross isotopic composition variations of
meteoric waters, as the isotopic composition of minerals in the profile. Evaporation
may modify the meteoric water isotopic composition in arid zones, but the kaolinite-
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rich profiles in Australia were formed prior to the onset of Australia's aridity. The
calibration of the altitude effect was based on that of present humid climates with
similar altitudes. The altitude effect is -0.2 to -0.25%o per 100m for 8180.

2.3 Findings on weathering in the Australian regolith
The pioneering work of Bird and Chivas (1988) enunciated several weathering
io

ages in east Australia, each with specific 8 O kaolinite values. Four ages of
weathering were defined in eastern Australia, spanning late Palaeozoic to present.
Further, some profiles initially thought from earlier work to be late Cretaceous or
Tertiary may be pre-late Mesozoic. The stable oxygen-isotope values indicated that
minerals used in the study retained their isotopic composition for up to 250Ma,
despite the presence of other meteoric waters after mineral formation.
To develop the geochronology of the Australian regolith, Bird and Chivas
(1989) corrected for contaminants and altitude variations, then compared the isotopic

compositions of each sample with its geological age. Plots ofthe results in relation to
1 o

present (or past) latitude showed the effect of different latitudes on the 8 O values of
the kaolinite samples.
For the Australian regolith, several broad age groups were established based
on kaolinite 8180 values, initially correlated with independently dated weathering
1 Q

profiles. The ages are tabulated, according to their isotopic values (8

OSMOW)

i) Values above +22%o; not likely to occur in the regolith of humid/low
evaporation conditions in Australia either today or in the past),
ii) 8180 values of+17.3 to +22.0%o, indicated ages of 30-40Ma and less,
iii) Less than +17.5%o, for pre-mid-Tertiary,
iv) +15 to +17.5%o, for late Cretaceous to early Tertiary,
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v)

+10 to +15 %o for late Palaeozoic to pre-late Mesozoic,

vi) Very low 8180 values, +6 to +10%o for Permian weathering age.
The 8D values ranged from -115 to - 50%o, but it was inferred that many clays
had undergone post-formation exchange; hence 8D was deemed not suitable for
dating.

i o

The areas of previous regolith 8 O dating in Australia are indicated in Figure 1.
Many of the kaolinite samples assessed came from areas with some independent
geological dating.

xy
Figure 1: Localities for previous Australian regolith oxygen-isotope
dating (Bird and Chivas, 1988, 1989, 1993; and Chivas and Bird, 1994)
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2.4 Research findings globally
The mainstream view on lateritisation postulates that such profiles form
between 30 degrees north and south of the equator, and are indicative of tropical
climates. Occurrences of lateritic mantles outside the tropics had largely been
interpreted to indicate the extent of tropical climate in the past, or evidence of
continental drift.
Bird et al. (1990) also noted the existence of profiles 30 degrees north and
south of the equator. These profiles were dominated by kaolinite, but also had Feoxides (hematite and goethite) and bauxites (gibbsite). These mantles are common in
Australia, whereas they were destroyed by glaciations in the Northern Hemisphere.

Possible interpretations of remnant deeply weathered profiles at higher latitudes coul
be: i) that tropical or sub-tropical climates previously prevailed at high latitudes,

ii) such regolith at high latitudes indicates tropical conditions are not necessary for
their formation.
Oxygen-isotope analysis was applied to the mantles. The data showed that,
even though the mineral assemblages were typical of those in equatorial regions,
some of the deeply weathered regolith formed in cool to cold moist climatic
conditions. However, such profiles are not forming at present - necessitating an
explanation. "One factor that may be important in controlling the formation of deeply
weathered regolith, particularly at high latitudes is atmospheric carbon dioxide
concentration, via CO2-HCO3 equilibria in infiltrating groundwater, and subsequent
reaction of bicarbonate with rock-forming minerals," (Bird et al, 1990:386). Barron
et al. (1993), as quoted by Thiry (2000) also invoked such high atmospheric carbon
dioxide levels.

The modelling work by Schmitt (1999) on C02-rich atmosphere showed
weathering to yield kaolinite three times faster for CO2 levels of the mid-Cretaceous,
despite a three-fold decrease in rainfall. Thiry (2000) confirmed that during the
Cretaceous, due to high CO2 levels, deep kaolinitic profiles developments were not
exclusively dependent on long weathering duration, nor was the climate as hot and
humid as earlier work had suggested.
One of the key issues about weathering profiles is how long it takes for the
products to form. Determining weathering rates using several methods have been
postulated, and from analysis of such findings, Thiry (2000:211) concluded "a time
span of at least IMa seems to be necessary to form a landscape blanketed with thick
kaolinitic soils, even under a relatively high atmospheric CO2 level." This means
climatic records of less than IMa may not be reflected in the profile mineralogy.
Chivas and Bird (1994) on Gondwanaland clays had the broad conclusion that
cold-climate deep weathering was common, but not well preserved at high latitudes
due to the later Quaternary glaciations. Further, the occurrence of deeply weathered

profiles in the geological record should not be interpreted to mean exclusively tropica
conditions or latitude. The fact that kaolinite isotopic composition is a function of
temperature (via meteoric water compositions), and that weathered minerals preserve
this, means that cold and warm temperature weathering products can be differentiated.
1 o

Chivas and Bird (1994) used 8 O values of clays from both deep weathering
and re-worked sedimentary areas in Gondwanaland remnants. The findings were as
follows:
i) Australia and India indicated the expected climate variations related to
continental drift since the Permian;
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ii)

South America had little change due to its relative stability during the

Cretaceous and Tertiary;
iii) A topography similar to that of the present, existed for Australia's
Eastern Highlands possibly as early as the Cretaceous.
Girard et al. (2000) applied an integrated approach, using both O and H isotopes
to trace past climatic variations of continental areas subject to laterite formation.
found that the ancient minerals in laterite had 8 O and 8D bearing a time signal. This
intraprofile approach had important implications for profile development.
"Intraprofile variations in isotopic compositions can be interpreted as a record of
changes in weathering-climatic conditions through time, thereby implying that the
different populations are of different ages and represent different generations of the
same mineral," (Girard et al, 2000:409). Other findings from the research included:
that using both hydrogen and oxygen isotopes yielded better results; where multiple

weathering fronts merge, the kaolinite signal may be obliterated; and that, the profile
age decreased from the top to the bottom.

2.5 Seasonality in isotopic data
IO

Weathering minerals bear witness to the 8 O values of past precipitation, and
are thus useful continental climatic indicators.
In monsoon areas, rainwater is depleted in both 8180 and 8D (these are lowlatitude areas). The work by Girard et al. (2000) has shown that monsoons may
account for 80% of precipitation, spanning a relatively short rainy season. The
minerals that are weathering products reflect this precipitation in their isotopic
composition. The work of Bird et al. (1993) at Amazon, Weipa, and other regions,
1 R

showed that gibbsite has developed under monsoonal conditions, based on 8

O
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values. Stern et al. (1997) analysed a few pedogenic clay minerals, including kaolinite
and calcite in the Himalayas. Their results showed that calcite tended to form in the
dry season, while kaolinite developed during the wet season. From their analysis, a
3.5%o increase in 8 O indicated a significant climate change in Asia around 8.5Ma.
1 R

The causes of O enrichment were as follows: increased summer monsoons of
South Asia; the source water altered from continental to more marine; and, increased
1 R

soil water evaporation led to

O enrichment.

2.6 Study sites: application of 8 O and 8D to the regolith
2.7.1 Defining the isotopic standards
In the natural environment most rocks will weather to form clays. Several
elements constitute the rock structure, and most silicate-bearing rocks contain about
45% oxygen. The average 180 content of rocks is about 900ppm, the range being 893-

929+/- 0.03ppm. By convention, the delta notation (8) is used to denote the difference
in relative enrichment of the isotopes of the sample being assessed. The 8 notation
measures the process of fractionation, where isotopic ratios differ from one another,
i o 1 f.

any particular phase or region. A s an example, the absolute

0/ O ratio is about

1:500 on average for all terrestrial materials. The difficulty in measuring absolute
isotopic ratios is overcome by using the 8 measurement instead. The 8 values are
measured in a laboratory by means of a mass spectrometer.
For oxygen and hydrogen, the Vienna Standard Mean Ocean Water (VSMOW) is used as a worldwide standard in analysing their isotopic compositions.
The International Atomic Energy Agency (IAEA) based in Vienna distributes
standard materials. The relation is depicted by equation 3 (using oxygen as an
example),
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S 1 8 0 = [( 1 8 0/ 1 6 0) s a m p l e - ( 18 O/ 16 O) standard ]/[( I8 O/ 16 O) standard ]xl000
equation 3.
1 o

8 O is in per mil, %o (parts per thousand). Positive 8 values m e a n the sample is

isotopically heavier than the standard, with negative 8 for samples that are isotopica
lighter than the standard.
Physical processes strongly fractionate light-element isotopes. During
evaporation, lighter molecules are preferentially removed in the vapour phase, in the
1 R

case of water, leaving the heavier

O and deuterium enriched in the residue.

Condensation has the opposite effect, with the heavier isotopes being selectively
1 Q

removed, making the remaining cloud-mass lighter in both

O and deuterium.

1 o

The latitudinal effect is such that the rain is progressively lighter in

O and

deuterium, from the equator towards the poles. Similar effects are encountered for
rain from: the coast to inland; and from lower to higher elevations (altitude effect).
The fractionation factor, a is usually used to measure the activity or chemical
exchange between isotopes of the samples involved. The fractionation factor a is of
more interest than the equilibrium constant, Kequiiib, for the reacting species. The
relationship between a and Kequiiib, for a case where the isotopes would be randomly
distributed over all the possible positions in the compounds A and B, then a =
K equiiib, where n denotes the number of atoms exchanged. In simple cases, where the
isotopic exchange reactions are written such that only one atom is exchanged, the
equilibrium constant would equal the fractionation factor, a.
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The fractionation factor, a is defined as the ratio of the numbers of any two
isotopes in one chemical compound A divided by the corresponding ratio for another
chemical compound B, and is given by the expression below.
OtA-B = RA / RB.
A simple example to illustrate this would be the exchange reaction between
water and carbon monoxide.
H20 + CO <--» H20 + CO

H2180 + C160 <--> H2160 +C180 (with isotopic exchange highlighted).

^11^ for the reaction would be [(180/160)]co / [180/160)]H2o- The value of a is
1 R

normally close to 1, e.g. for

O exchange in the system calcite-water it is 1.028 at

25°C.

The relationship between a (fractionation factor) and 8 values is:
cta-b = (1000 + 8a) / (1000 + 8b) equation 4.
For many mineral-mineral and mineral-water systems, the fractionation factors

vary as a function of temperature (perhaps over a restricted temperature range). The
fractionation of oxygen isotopes could thus be expressed as:
1000 lncta-b = A/T2 + B equation 5.
A and B would be constants that are specific to the isotopes of the element. The
substances analysed would be a and b, while T denotes temperature in Kelvins.
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2.7.2 Western Australian samples
This part of the continent is blanketed by extensively developed regolith. The
Yilgarn Block has been the principal focus of this research. The first fieldwork
covered mainly the mining pits, where sampling with depth enabled a 3-D analysis.
The last field trip was focused on breakaways and the occasional farmers' dams,
hence a 2-D (or areal) aspect. The work of Bird (1988) had previously analysed two
kaolinite samples from Western Australia. The samples were from Collie and
1 Q

Coolgardie with 8 O values of+18.9 and +19.0, respectively. These samples indicate
1 R

a post mid-Tertiary weathering age. The kaolinite age from 8 O values were found to
be in line with other dating methods, specifically palaeomagnetism, geological
evidence, and K/Ar dates from alunite (4.87 +/- 0.06Ma), (Bird, 1988).
The existence of older regolith profiles in Western Australia were suggested
by Twidale (1985), quoted by Bird (1988). There is however, a problem to be

considered in using 8180 to analyse older profiles in Western Australia, as this part

the continent was at lower latitude than the eastern part for much of the Mesozoic. It
is thus possible that Western Australia did not experience the cold conditions that
formed clays with depleted 8180 values of+10 to +15%o that were prevalent in eastern
1 o

Australia. Bird (1988) warned that the 8 O composition of pre-late Cretaceous clays

and of late Cretaceous to early Tertiary clays may have similar values. This difficul
to differentiate the clays may be overcome by analysing transported clays of
Mesozoic and Tertiary sediments within the study sites.
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CHAPTER 3:
PALAEOMAGNETIC STUDY OF REGOLITH FORMATION
3.1 Dating of weathering profiles
Palaeomagnetism is based on the fact that regolith materials, rocks, weathered
mantles and sediments preserve the Earth's magnetic field when they form, and are

therefore a measure of palaeolatitude. The Earth's magnetic field is subject to periodi
reversals, which the regolith materials also acquire. These recordings have been used
in a variety of magnetism studies to unravel the times of formation. Three types of
magnetisation are recognised:
i) Thermal Remanent Magnetisation (TRM) ensues when igneous rocks
cool.
ii) Detrital Remanent Magnetisation (DRM), which occurs when
sediments settle through air or water.
iii) Chemical Remanent Magnetisation (CRM) results from chemical
weathering or precipitation. The newly formed weathering materials
align their magnetic moments to the existing magnetic north, and it is
this signal that is later sought in dating.
Chemical Remanent Magnetisation (CRM) can be acquired in weathering of
Fe-oxides. CRM can occur due to fluid movement at depth through recrystallization
of existing iron minerals or deposition of new ones (Koehler et al, 1997). The
palaeomagnetic signal gives good estimates of the age of weathering, and is
particularly suitable for Australia, because of its rapid northward movement over the
last ~80Ma. The age range provided by palaeomagnetism spans across a broad
geological time scale. Where Fe-enriched profiles occur, it has been possible to date

the succession ofthe profile, from the weathering front to the indurated protective cap
at the top.
The work of Bird (1988) compared the benefits of palaeomagnetic and
oxygen-isotope dating. From the work, two sets of results were found - one set in
agreement, the other contradictory. The first condition is where the isotopic ages
match the palaeomagnetic dating, with the second set of findings out of phase. The

findings with the discrepancies were further investigated. These ages not in agreeme
with oxygen-isotope geochronology, were supported by those from K/Ar dating of
alunite for the case of Kangaroo Island, and Bredbo (New South Wales). The dates at
Bredbo showed no age differences for the transported (iron layer) and the underlying
weathered mantle. It was found that the Fe-mobilisation in the profile was

accompanied by that of Al, K and S that later formed alunite. The alunite thus formed

will record the latest phase of desiccation. The same phenomenon is expected with the
iron, as it is used in palaeomagnetism (CRM). Thus palaeomagnetic ages may be reset
during dehydration, following receding water tables.
The resetting of the palaeomagnetic signal may mean only the latest high
water-table magnetisation is recorded, thus obscuring the true age of weathering.
Coupling palaeomagnetism with oxygen-isotope dating should produce better results.
In dating weathering phenomena, both geomorphic and geological information is

crucial, and where dating from these is available, it aids in the correlation dating.
Where independently dated samples occur, an oxygen-isotope curve can be calibrated.
One example is where K/Ar dates are compared with oxygen-isotope compositions of

regolith minerals with time, to derive the curve. This isotopic curve can then be fit
to profiles of unknown age, in a similar fashion to the production of a polar wander
curve in palaeomagnetism, (Chivas, 1983).
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The Cenozoic part of Australia's Apparent Polar Wander Paths ( A P W P s ) has
several competing versions (Acton and Kettles, 1996). These competing polar wander
paths are:
i) Embleton APWP, the palaeomagnetism based on data from igneous rocks.
ii) Musgrave APWP, the palaeomagnetism is from igneous rocks and weathered
profiles. The palaeomagnetism derives from a polynomial curve fitted to the
palaeomagnetic data ofthe weathered profiles and the igneous rocks.
iii) Idnurm APWP, derives from palaeomagnetic data from sedimentary and
secondarily from the igneous rocks.
As a test of how reproducible the results from the four poles compared, Acton

and Kettles (1996) assessed a bauxite sample near Inverell, in eastern Australia (T
4). The confidence level for the wander paths was at 95%).
Table 4: Comparison of Apparent Polar Wander Paths (APWPs)

APWP

Weathering Age (Ma)

Best Fit Age (Ma)

Idnurm

4 to 27

14

Musgrave

12 to 41

26

Embleton

16 to 46

35

Global-average

21 to 52
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The differences between the ages given by the various polar wander paths are

clearly significant. To minimise these differences, Acton and Kettles (1996) adopte
system where the averages were sought, with the correct age being the one that is
consistent with all the APWPs.
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3.2 Previous investigations using palaeomagnetism
3.2.1 Australian findings
Milnes et al. (1985) and Bourman et al. (1987) emphasised the mobilisation of
Fe in both modern and past landscapes. They further noted the Fe accumulations

within a profile may neither be genetically nor temporally related to the formation of
the profile as a whole. On the basis of the above, implications of when the
magnetisation stabilised are crucial. The remanent magnetisation is believed to set
when weathering is complete - when the weathered products align themselves to the
prevailing magnetic conditions. The work of Schmidt and Embleton (1976) pointed to
a remagnetisation of surficial Palaeozoic and Mesozoic rocks in Western Australia.
The very important aspect of this research was that the remanent magnetisation
originated from weathering, and was not inherited from the parent rocks.
Australia, and India, are two continents that have drifted across the latitudes
since 95Ma. Australia drifted about 30 degrees, making it suitable for palaeomagentic
studies that are based on interpretation within a polar wander curve.
Pillans and Bourman (1996) used the Brunhes/Matuyama boundary - a
polarity reversal that occurred about 0.78Ma which marks the Earth's last major
reversed polarity in its magnetic field. Reversed magnetisation was preserved in
various regolith mantles of eastern Australia, especially in oxidising environments.
Samples assessed were weathered regolith materials in Adelaide; highly weathered
fan gravels in Canberra; and in north Queensland a palaeo-soil buried by a 2.46Ma
basalt flow. All the weathered materials with a reversed polarity therefore pre-date
B/M (Brunhes/Matuyama) transition. From the results, the ages of regolith materials
were constrained; the B/M was a reference for when weathering was initiated, and
thus a crucial chronostratigraphic marker in Australian regolith studies.
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The advancement in palaeomagnetic dating is improving with the advances in
techniques and the better definition of the late Mesozoic and Cenozoic apparent polar
wander path of Australia (Schmidt and Oilier, 1988). The palaeomagnetic dating of
authigenic iron oxides that formed during weathering in New England, New South
Wales, were investigated. The iron (III) minerals were found to have formed in the
late Cretaceous to early Tertiary, the weathering age being about 60Ma. The
weathering age found was similar to that ofthe Morney profile in Queensland.
Acton and Kettles (1996) investigated weathering profiles near Inverell in
eastern New South Wales, Australia, constraining their ages using geological and
palaeomagnetic techniques. The weathering mantles studied were bauxites. The
Cenozoic volcanics in the area were dated to between 26 and 18Ma, and the bauxite
was bounded by similar volcanics, hence was expected to have a similar age. These
bounding volcanics had to be directly dated, to avoid relying on extrapolation. The
palaeomagnetic dating accuracy is problematic. However, an age between 21 and
27Ma was obtained, using all four Apparent Polar Wander Paths. The problem related
to palaeomagnetism is that "clearly the large and sometimes significant differences in
the best estimate ofthe age are related to the large differences in APWPs" (Acton and
Kettles, 1996: 223).
The estimation ofthe duration of deep weathering is difficult. This is so as the

magnetic minerals can be precipitated, dissolved, and altered, in a repetitive way. The
result is the magnetisation being potentially representative of the last stage of
weathering, hence only useful in giving the minimum age. The Oakwood bauxite was
given a minimum age of 10 000 years, due to large "uncertainties for individual poles
and to the similarity in palaeomagnetic directions throughout the weathered profile,"
Acton and Kettles (1996: 224). However, the true age of weathering is expected to be

41

m a n y times older than 10 000 years. The age is believed to be about 30-20Ma, in the
mid-Oligocene and early Miocene.
The study of Tertiary sediments on the far south coast of New South Wales
(Nott et al, 1991) were subjected to sedimentology and stratigraphy, palynology and
palaeomagnetism analysis, in addition to a comparison with K-Ar dates on basalts.
The palaeomagnetic technique was employed to determine which of the alternative
ages for the Long Beach Formation was correct. Pliocene or the Oligocene/early
Miocene were all possible formation ages. The palaeomagnetic investigation assessed
the deep weathering of the Long Beach Formation as early to late Miocene. This was
in agreement with the palynological evidence from the same site, which pointed to
Oligocene to early Miocene. The determination ofthe same age by several techniques

established a reference for investigating similar profiles on this area ofthe south
of New South Wales.
A palaeomagnetic study of weathered profiles (late Cretaceous and Tertiary)
in the Eromanga Basin in Queensland, indicated two weathering ages (Idnurm and
Senior, 1978). The two weathering ages revealed were Maastrichtian to early Eocene

(Morney profile), and late Oligocene age (Canaway profile). In addition to revealing
the two periods of chemical weathering in the Eromanga Basin, palaeomagnetism
confirmed the documented mid-Tertiary weathering that was widespread in Australia.

3.2.2 Research Findings Elsewhere
Theveniaut and Freyssinet (1999) pioneered the use of palaeomagnetism and
magnetostratigraphy for a deep weathering profile as a means of unravelling the
mechanisms involved. Prior to this, some studies had suggested that the weathering
age increased from the bottom to the top. The earlier researchers had interpreted
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duricrust, usually a capping, to be prone to dissolution and degradation, thus making it
difficult to assess its age. Theveniaut and Freyssinet (1999) found hematite to be the
main magnetic carrier, with goethite contributing only in the saprolite. Gehring et al.
(1992) had indicated both hematite and magnetite as the main magnetisations in the
duricrust, however Theveniaut and Freyssinet (1999) established that the magnetite
was not related to weathering, i.e. its magnetisation did not occur during or after
weathering, but rather from the original bedrock.
From Theveniaut and Freyssinet (1999), goethite was shown to retain its
* • • • 1R

original isotopic composition - the 8 O signature. The present day saprolite had
goethite indicating the current 8 O composition of waters, whereas the upper sections
had fossil signatures. Hematite retained conditions at the weathering front, when it

was precipitated, as well as fossil directions as the duricrust formed. The petrographic
methods had failed to highlight most of these details.
The magnetostratigraphic approach was used to estimate saprolite formation
rates, with recent reversals like the Brunhes/Matuyama as markers. The resulting
11.3+/- 0.5 m/Ma value agreed with hydrogeochemical mass balance calculations for
tropical zones.
The findings by Theveniaut and Freyssinet (1999) that an analysis of the
palaeomagnetic signal for the weathering profile highlighted the presence of various
remanent time acquisitions, allowed for interpretations in terms of the weathering
process. The palaeomagnetic signal within the duricrust showed the age differences,
the upper part being older than 1 OMa, with the bottom part, much younger.
1 R

F r o m the foregoing, the benefits of using both 8 O and palaeomagnetism in
tandem to elucidate formation times and processes of the whole profile have been
demonstrated.
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The study of iron indurated materials in weathering has been investigated in India,
where parallels with Australia were made. Schmidt et al. (1983) found the magnetic
ages for Indian 'laterites' -their ages of formation to be late Cretaceous to late

Tertiary. There were two sets of data, the high-altitude and low-altitude 'laterites'
with formation ages of late Cretaceous to Tertiary, and mid- to late Tertiary,
respectively. This was based on the Indian APWP for the Mesozoic to Tertiary.
India and Australia have not moved with respect to each other since 53Ma ago,
and therefore share a common APWP since that time (Schmidt et al, 1983). A
comparison of Indian and Australian 'laterites' showed a shorter formation span for

Australia, early to late Tertiary, whereas India was characterised by late Cretaceous
late Tertiary. This arose from India's rapid drift into the tropics between 65Ma and
53Ma, with Australia having a much slower northward movement (Schmidt et al,
1983). The palaeomagnetic study of weathering profiles by Idnurm and Senior (1978)
in the Eromanga Basin, Queensland, has documented ages of 60Ma, and confirmed
formation ages of late Cretaceous to early Tertiary for some Australian 'laterites'.
The Indian study found ages of duricrusts to be altitude dependent, the highest

being older. The condition for preservation of uplifted duricrusts was that, "althoug

laterites may age up to 20 m.y. in the tropics at low altitudes, they stand a greater
chance of being reworked and therefore only become preserved after uplift" (Schmidt
etal, 1983:201).
A study in western Africa sought to distinguish in-situ and transported 'laterites'
through the use of palaeomagnetism and mineralogy. Gehring et al. (1992) assessed
the natural remanent magnetisation (NRM) for hematite in the weathering profile, and
found it randomly distributed. The random distribution of ferriferous micronodules
(magnetic carriers) resulted from erosion and reworking prior to the duricrust being
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indurated. The micronodules were magnetised prior to their induration, thus the
duricrust formation is not an in-situ process. The geological age of the duricrust
would probably equate with late Tertiary, when the sample site experienced a shift
from tropical to semi-arid climate.

3.3 Results of Palaeomagnetic Dating of Weathering Profiles
Several sites in the Yilgarn Craton, WA were sampled and assessed
palaeomagnetically by Dr Brad Pillans from the Australian National University and
the results presented in this section are his work. We undertook joint fieldwork, so
1 R

that I could collect samples of kaolinite (for 8 O ) close to the same iron (III)
minerals, for later comparison between the two methods. Some of the same iron (III)
samples for palaeomagnetism were also sampled for oxygen-isotope analysis. The
1 o

ages of weathering have been established using 8 O of kaolinite in the Australian
regolith, but not previously using iron oxides. Thus, dates from palaeomagnetism
were to be a guide in establishing the ages of weathering for the iron (III) minerals.
The main magnetic carrier was hematite for the samples assessed. Essentially, the
ages found could either be monogenetic or polygenetic. Polygenetic profiles are
expected to have different palaeomagnetic poles, if the layers formed at significantly
different times, hence the variation in ages.
In all, more than 300 samples were collected by Brad Pillans from weathered
regolith materials in the Yilgarn Craton, at key sites, for the palaeomagnetic dating.
The sample locations were: Mt Gibson, Bronze wing, Lawlers, Murrin Murrin, Cawse,
Bulong, Kanowna Belle, Jarrahdale and Boddington, with some of the sites visited
more than once.

The specimens were collected from the walls of the mine pits, after a fresh
sub-vertical exposure was cut back with a spade. The specimens were cut with a knife
and carefully fitted into oriented 6cm3 plastic boxes. Oriented blocks were also
collected and later cut into shape in the laboratory, where suitable material was
lacking (sample too indurated to cut with a knife or spade). Before removal from the
wall face, the samples were oriented with a Brunton compass, and the directions later

corrected for local magnetic declination. The analysed sampled material was biased to
hematite, as it is a stable magnetic carrier, and goethite is not.
Laboratory analysis involved a stepwise demagnetisation, utilising both the

thermal and alternating field (a.f.) techniques. The thermal demagnetisation proved t

yield consistent results, thus a.f. demagnetisation was used only for samples that we
too friable for thermal measurements. The remanences were measured on an ScT 2axis cryogenic magnetometer at the Black Mountain Palaeomagnetic Facility,
Canberra. Magnetic susceptibilities were measured on a Digico bulk susceptibility
bridge, to monitor possible mineralogical changes with increasing temperature.
Characteristic Remanent Magnetisations were identified by Principal Component
Analysis (Kirschvink, 1980).
The estimation of palaeomagnetic ages was based on pole positions using data
from Schmidt and Clark (2000) and Idnurm (1985, 1994). The results were also
compared with previous palaeomagnetic results for weathered strata in the Perth
Basin (Schmidt and Embleton, 1976) and Eromanga Basin (Idnurm and Senior, 1978).
There are several reasons why it is not possible to assign ages to all magnetic
components (Brad Pillans, pers comm., from explanatory notes with his
palaeomagnetic results):
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1. At a number of sites, there are insufficient specimens to ensure that the calculated
pole position is meaningful. Typically at least 10, and preferably at least 20,
specimens are desirable.
2. Some poles do not he on the known apparent wander path (APWP). This does not
necessarily mean they are wrong. It may mean that the APWP is not known well

enough. In fact, it is worth pointing out that there are alternative interpretations ofthe
APWP for some age intervals. For example, differing late Palaeozoic paths are given
by Li et al. (1990) and Schmidt and Clark (2000).
3. At some sites, all specimens are of normal polarity, and the magnetic directions are
similar to the modern field direction. Thus they may represent a modern overprint. In
general, sites yielding both normal and reversed polarity are preferred, because they
are more likely to represent weathering over a prolonged period of time, sufficient to
average out secular variations that may otherwise bias pole positions.
The palaeomagnetic results indicate that weathering imprints of two ages (at
approximately 5Ma and 60Ma) are present at a number of sites. The poles defining
the younger imprint are statistically indistinguishable from a late Tertiary overprint
pole from strata in the Perth Basin that Schmidt and Embleton (1976) attributed to a

widespread episode of lateritisation. The older poles are statistically indistinguishable
from the pole of the regionally extensive Morney weathering profile in southwest
Queensland, and a pole from weathered volcanics in northern NSW (Schmidt and
Oilier, 1988).
Ofthe older poles, the Jurassic poles defined at Mt Percy, Murrin Murrin and
possibly Lawlers, may represent residual weathering imprints relating to landscapes
that pre-date the break-up of Australia and Antarctica, as predicted by Clarke (1994).
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At M t Percy (site 13) and Lawlers (sites 5 and 18) calculated poles lie on the
Carboniferous segment of APWP of Li et al. (1990). However, recent revisions to the
APWP by Schmidt and Clark (2000) have shifted the late Palaeozoic path away from
the Mt Percy and Lawlers poles, and consequently, their ages are in doubt.

Bronzewing (121.0°E, 27.4°S) - Discovery and Central pits
The two pits are quite close to each other, with the Discovery pit being 100m
south of Central. An iron hardpan layer caps both pits. The layer gives way to a

mottled profile, followed by saprolite. Palaeomagnetic samples (Table 5) were taken
at different levels ofthe pit, where appropriate material existed.
Table 5: Bronzewing pit palaeomagnetic ages, WA.

LOCATION

SITE

COMP

A95

AGE

IT,HT

4.67

5Ma

1.78

60Ma

4.40

60Ma?

(and depth)
3

Central (58m)

14,17

Central pit (45- HT
54m)
Discovery pit HT

15

(45m)
The oldest age obtained for this site was 60Ma. There were m u c h younger
ages of 5-10Ma found in some ofthe samples in this locality.

Lawlers (120.4°E, 28.0°S) (North, Turret, Lawlers North and H P pits) (Table
6)
At Lawlers, four gold mine pits were sampled. These were the Turret, Lawlers North
and HP pits.
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The palaeomagnetic ages were 60Ma. There were some very old dates found
at this locality. The oldest age of 365Ma was found for some ofthe sites at Lawlers.
The very old ages may relate to times before Australia and Antarctica split.
Table 6: Palaeomagnetic dates at Lawlers mine pits, WA.
SITE

LOCATION

COMP

5,18

North pit(35m) IT1

A95

AGE

1.55

Carboniferous?

5.11

5Ma?

6.00

-

HT

6.36

-

Turret

pit LT

4.37

5Ma?

(20m)

IT

4.35

60Ma

Turret (base of IT

6.32

-

HT

9.15

Jurassic

LT

12.30

-

LT,LF
19

21

25

North pit(20m) IT

pit)

Murrin Murrin site (121.9°E, 28.8°S) (Table 7)

The abandoned trial pit in this nickel-laterite had varying degrees of ferruginisation
The palaeomagnetic samples were taken at the bottom end of the pit, facing the
'entrance'. A Jurassic age was found for this locality. This age matched some ofthe
dates that were found at Lawlers.
Table 7: Murrin Murrin pit palaeomagnetic dates, WA.
SITE
7

LOCATION
Test pit M M 7

COMP
LT
IT1
IT2

6

Test pit M M 2

HT
HF

A95
4.99
8.37
5.46
7.99
4.65

AGE
-

Jurassic
-

Mount Percy (121.5°E, 30.7°S), north of Kalgoorlie (Table 8)
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Weathering ages for the area ranged from 5Ma, 60Ma, Carboniferous and Jurassic
from the mine pits sampled.

Table 8: M t Percy palaeomagnetic ages, W A .
SITE
LOCATION
COMP

A95

AGE

11

5.68

Jurassic

LT

14.6

5Ma

IT,HT

3.77

Carboniferous

7.07

5Ma

IT,HF

7.97

Jurassic

HT

5.21

60Ma

HT

2.45

60Ma

Mystery pit (5- LT

6.11

?

IT

11.7

Jurassic

HT1

5.38

?

HT

8.17

Archaean?

Mystery

pit IT,HT

(12m)

13

Far-East
Porphyry

pit

(35-45m)

29

Union club pit LT
(15-20m)

31

Far-East
Porphyry(27m)

32

10m)

(basement age)

33

Mystery(12m)

HT

3.98

?

Mean

Sites, 29, 31

HT

2.84

60Ma

Mean

Sites, 11, 29, IT, HF, H T

4.41

Jurassic

31

The palaeomagnetic samples at Kanowna Belle, Jarrahdale and Boddington

will be grouped into one table (Table 9). The locations of the areas are: Kanown
Belle (121.6°E, 30.6°S), Jarrahdale (116.1°E, 32.4°S) and Boddington (116.4°E,

34.7°S). Those samples that failed to yield a palaeomagnetic date, will be omitt
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These are: K a n o w n a Belle Pit at Kanowna Belle; Cawse and Bulong sites, that have
failed to yield a palaeomagnetic age.

Table 9: Palaeomagnetic dates at Kanowna Belle, Jarrahdale and Boddington, W A .

COMP

A95

AGE

3.65

60Ma

HT

3.09

5Ma

SITE

LOCATION

28

Kanowna Belle HT
- Consols pit
(20m)

34

Jarrahdale
railway cutting

36

Boddington

HT

1.99

-

37

Boddington

HT

1.47

-

38

Boddington

HT

3.93

-

mean

Boddington

HT

1.64

5Ma

Note: L T is for low temperature component; IT for intermediate temperature
(<580°C); HT is for high temperature component (>580°C). A95 are semi-angles of
95% confidence.

3.4 Discussion and Conclusions
The palaeomagnetic dating of weathering profiles in the Yilgarn (Pillans, pers
comm.) has found a broad weathering age spread for this craton (Figure 2). In most
cases, there were occurrences of the 5Ma and 60Ma weathering ages. The ages of
5 Ma and 60Ma have been documented elsewhere in the weathering profiles of
Australia. There were also very old ages that would pre-date the isolation of the
Australian continent from East Gondwana.
The areas of Jarrahdale and Boddington yielded palaeomagnetic ages of 5Ma.
It would appear the weathering age for these sites occurred in the late Neogene.
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Bronzewing
5Ma, 60Ma
Lawlers
5Ma, 60Ma, Jurassic,
Carboniferous
Murrin Murrin
Jurassic
Kanowna Belle
M t Percy
5Ma, 60Ma, Jurassic,
Carboniferous

PERTH

60Ma

Jarrahdale
5Ma
Boddingt'
5Ma

J
100 k m

It

Figure 2: Palaeomagnetic weathering ages in the Yilgarn
Block, after Brad Pillans.

Weathering ages of 6 0 M a were found at K a n o w n a Belle, M t Percy (2 sites),
Lawlers and Bronzewing (2 sites). The weathering age of 60Ma appears in the
northern and southern (mid) parts ofthe Yilgarn craton.
In addition to having ages of 60Ma, some ofthe same sites have the 5Ma ages.
These are Bronzewing, Lawlers, and Mt Percy. This would mean more than one
weathering imprint, with the latest having occurred quite recently. The existence of
more than one weathering age may be in line with Clarke (1994b, 2001) and Oilier et
al. (1988) ofthe palimpsest nature ofthe Yilgarn block. The weathering ages have

been assessed on the basis of their sample depth, to investigate whether possible late
(e.g. 5Ma) events might have re-set the palaeomagnetic signal in some samples. The
ages of 5Ma are spread over various depths, 58m at Bronzewing central pit, for
instance. The 60Ma ages occur closer to the surface, 15-20m at Union Club pit at Mt
Percy, and 20m at Turret pit (Lawlers). Thus the compound ages of 5 and 60Ma do
not appear to be dependent on depth in the areas investigated.
Carboniferous and Jurassic ages of the weathering profiles have been
demonstrated in some ofthe sites. The Jurassic ages were at Lawlers (base of Turret
pit), and at Mt Percy (Mystery pit 5-10m and 12m, Union Club pitl5-20m). The
Jurassic ages appear to cover the shallow depths.
Carboniferous weathering ages are scanty, but have been found at Lawlers
North Pit (35m), and Mt Percy (35-45m).
It would appear that all the very old ages (Carboniferous and Jurassic) appear
at relatively shallow depths. This would imply that the very old landsurface has been
subject to modification. The palaeosurface has had to re-adjust to the new conditions
of the Neogene and Quaternary, but these processes failed, in many cases, to

obliterate the imprints of earlier periods of iron accumulation which have been
preserved at shallow depths in isolated pockets ofthe Yilgarn.
The foregoing would lend weight to the notion of duricrusts acting to protect
the landscape. In some instances, duricrusts have been assumed to have preserved preGondwana features (Valeton, 1983) as quoted by Birkenhauer (1991). Cretaceous
mantles have been protected, too (Marker and Holmes, 1999). The existence of iron
crusts that maintained the palaeomagnetic signal since their formation, prior to the

separation of Australia and Antarctica, can be seen to verify the existence of very old
duricrusts.
In summary, the antiquity of the Yilgarn craton has been demonstrated. The
palimpsest nature ofthe landscapes has also been indicated by the composite nature of
the weathering ages in several locations. The palaeomagnetic dating technique has
relatively high resolution and is appropriate to a broad geological timeframe. Both
these qualities have helped to unravel the intricacies of landscape evolution in the
Yilgarn shield.

54

CHAPTER FOUR:
FERRICRETES (LATERITES)
4.1 Introduction
The broad aims of the study are to further the basic understanding of ages and
processes that have led to deeply weathered profiles in the palaeo-surface of
Australia. In this section, I consider the iron-oxide minerals formed during
weathering, and samples of these from South Australia and the Yilgarn Craton. The
more specific aims ofthe research are:
a) To determine the processes and time-related relationships between
ferricretes/laterites and their underlying mottled and bleached zones that are
normally kaolinite-rich.
1 o

b) T o establish whether the 8 O values of iron oxides can be used to provide general
times of their formation as has been achieved for clay minerals.
c) To explore the conditions under which iron oxides are precipitated (e.g.
evaporation of groundwater) in the landscape.

4.1.1 Ferricretes alias 'laterites'
Iron is the third most abundant cationic element, after Si and Al. Thus
weathering of most geological formations would result in mobilisation and
precipitation of iron. The resulting concentrations of iron in weathering environments
may be relative or absolute.
Relative iron accumulation involves the removal of other rock-forming
elements, where Fe solubility is low hence stable, leading to its precipitation in the
weathering profile. This is an in-situ mode of formation. Absolute accumulation is
movement of iron, being concentrated on low-lying areas of the landscape where
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ferricretes m a y form. The ferricretes are indurated, thus commonly form flat
protective cappings, after erosion of the landsurface, leading to relief inversion.
Ferricretes contain hematite, goethite and maghemite as the commonest minerals
(Cornell and Schwertmann, 1996). Ferricretes may form in groundwater soils (gleys).
Worldwide, both surface and groundwater processes form the cemented horizons ferricretes which occur as bog iron ores, plinthite and lateritic crusts. The word
ferricrete is from "ferri" for iron and "crete" for concrete (Cornell and Schwertmann,
1996:401).

4.2 Weathering Profiles
The process of primary minerals being transformed to secondary, and at times
more stable ones, means weathering has variable intensities. Some weathering styles
are commonly described as a 'weathering profile' and/or a 'deeply weathered' profile.
Thus weathering may be assessed on the basis of its 'depth' and the conditions that
prevailed.
Some types of weathering include epigenetic replacement. The degree of
weathering is determined by the ratio between primary and secondary minerals in the
rock (Pedro, 1997). Massive and limited weathering are identified. Massive
weathering is associated with intense chemical weathering, commonly forming
gibbsite, kaolinite or smectites, i.e. alterite formation (loose material) where the
original petrography or rock structure is intact, "although the volume may change and which always contains a large amount of secondary phyllosilicates (typical clay
weathering)," (Pedro, 1997: 4). Limited weathering has a variable secondary-primary

minerals ratio, and is restricted to superficial soils, or in coarse-grained rocks. Oft
arena forms in this zone, (Pedro, 1997).
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According to Tardy (1993: 11) "a weathering profile represents the complete
sequence of weathered rock from the soil surface down to the intact parent rock." This
"ideal" laterite profile is said to have variable thickness; it may be a few metres, to
tens of metres, or even hundred metres thick. Oilier and Galloway (1990) considered

the laterite profile to consist of ferricrete overlying saprolite. The ferricrete may hav
arisen from relief inversion, but caution that ferricrete occurrences were not
exclusively indicative of widespread former erosion surfaces.
Mode of genesis ofthe whole 'laterite profile' may vary for the top part, i.e.
the 'laterite' capping. The iron-rich capping could be a result of lateral concentration
of iron into low-lying areas. In other cases, the iron-rich capping may have originated
in-situ, being part of the profile development or continuum. The mottles, which are
mainly hematite (later transforming to goethite through dissolution and reprecipitation) are believed to form by hematite replacing pre-existing kaolinite
(Ambrost et al, 1986). Water table movements led to iron re-distribution, where
reducing conditions led to movement of Fe , which precipitated to hematite in
oxidising, or subsided water table conditions in the weathering zone. This "may relate
to regional water table fluctuations, perched water table movements, or to the slow
downward seepage of surface water. Under these conditions there need be no
development of a surface crust, nor do they require excessive water table
fluctuations," (Bourman, 1993a: 95-96). Oilier and Galloway (1990) contended that
ferricrete usually overlay the mottled and pallid zones unconformably, without any
genetic relationship. They postulated three lines of evidence: the existence of joints;
textural and structural features including quartz; and aplite veins which demonstrated
mottled and pallid zones arose from isovolumetric weathering of bedrock, with no
evidence of ferricrete being passed up the profile.
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Secondly, most ferricrete comprises detrital fragments, that m a y not be found
in the underlying parent rock. The detrital material may even form a layer near the
base. Finally, the ferricrete material may have a complex history that includes
breakages, re-cementing and repeated disturbances.
From various ferricretes, Bourman (1993a) concluded that some ferricretes
had a long history of development in line with landscape evolution, and that planation
surfaces were not necessarily a pre-requisite. Oilier (1991) explained weathering as
mineralogical changes as the rock adjusted to new conditions, and the destruction and
formation of weathering profiles. The ultimate weathering profile was said to have Fe
oxides, hydroxides and kaolin. In studying weathering profiles the initiation of
weathering and the time it took for the profile to be in equilibrium with new
conditions are aspects that can be dated through palaeomagnetism and stable isotopes
(Oilier, 1991).
Below follows a brief description of the formation of the three main iron
oxides - ferrihydrite, goethite and hematite. Details of other iron oxides are covered
elsewhere (e.g. Bourman, 1989; Cornell and Schwertmann, 1996).

4.3 Iron oxides
Different forms of iron oxide and hydroxides form under varying
environmental and iron supply conditions. The source rock types, Eh, pH, organics,
location in the landscape (altitude, pedoclimate, hydrology, aeration characteristics)
and gross precipitation, all play a significant role in the type of oxide that
predominates. Hematite is favoured in relatively drier climates and in the tropics,
whereas goethite tends to be more predominant in temperate to humid settings, but not
wholly restricted to such settings.
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4.3.1 Ferrihydrite (y-FeOOH)
This is the initial, metastable oxide that may yield any of the other oxides.
2+
Where the rate of the mobile Fe

oxidation is high and organic compounds are

present (which impede Fe oxide formation), ferrihydrite is formed. Cornell and
Schwertmann (1996) indicate that low organic matter content favours hematite and
goethite; increased organic matter and low Fe supply leads to goethite; whereas
increased organic matter and high Fe supply results in the formation of ferrihydrite.
However, "with very high organic matter content, all Fe is organically complexed and
no oxides form (Goodman and Chesire, 1987; Schwertmann and Murad, 1988),"
(Cornell and Schwertmann, 1996: 409).
Ferrihydrite tends to be poorly crystalline and is thus hard to detect by XRD
techniques (Bourman, 1989), except where the abundance of Fe oxide is high, 0.2 0.8g/g (Cornell and Schwertmann, 1996). In most cases, ferrihydrite has been shown
to be associated with poorly crystalline goethite on soils close to the surface, where
the conditions favour poor crystallinity, thus it is not known whether the goethite
formed from ferrihydrite or they formed together (Cornell and Schwertmann, 1996).
Groundwater soils, stagnant water conditions and podzols tend to be

favourable sites for ferrihydrite formation, where, in these relatively young soils its
transformation to more stable oxides has been impeded. In podzols, Fe, Al and Si in a
dissolved (due to acid conditions at the surface) form as organic complexes, move
into and precipitate in the B horizon. Here the Fe supply is 5-20g/kg, hence only
Mossbauer spectroscopy can identify ferrihydrite (Cornell and Schwertmann, 1996).
The above authors quote a study by Campbell and Schwertmann (1984) where a

59

linear relationship between the intensity ofthe main X R D peak of ferrihydrite and the
amount of oxalate-soluble Fe was established.
High rate of Si release on basalt-derived andisols in Hawaii was suspected to
lead to the amount of ferrihydrite increasing with mean annual precipitation of 1.0 3.8m/a, Parfitt et al, as quoted by Cornell and Schwertmann (1996).

4.3.2 Goethite (a-FeOOH)
This yellowish brown oxide, with the chemical formula FeOOH, is the most
common in soils and weathering environments, and it is the most stable phase due to
the presence of isomorphous substitution of aluminium (Bourman, 1989). Al/(Fe+Al)
of about 0.33mol/mol for goethite and 0.16mol/mol for hematite are found in soils.

Where both goethite and hematite exist in the soil environment, goethite tends to have
more aluminium substitution.
The extent of substitution is not uniform for all goethites, however, probably
due to variation in formation factors. Medium to high aluminium substitution was
observed in goethites from subtropical and tropical soils, saprolites and bauxites.
Krishnan and Mukherjee (1981) put the substitution percentages between 15 and 30%
from their studies on bauxites and laterites in India. The isomorphous replacement
was due to the similarity in the lattices of goethite (a-FeOOH) and diaspore (aAlOOH). Leprun (1981) confirmed the substitution using the Mossbauer
spectrometer, and had a value of 25%. However, hematite did not show Al
substitution.
Other studies attributed high aluminium substitution to contact with
aluminium sources such as kaolinite, gibbsite and feldspars. Later dissolution of
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goethite m a y result in a different level of Al substitution. In a deep weathering profile,
the level of substitution has been found to differ.
In general, where the amount of Al is low, the Al substitution is reduced. SEM
and TEM studies have revealed some association between kaolinite flakes with

goethite and hematite. Goethite may partially fill the interflake space in the kaolinite.
A chemical Si-O-Fe between kaolinite and iron oxide may exist - "in line with this,
no interaction between ferrihydrite and kaolinite was found at pH 9 because both
compounds are negatively charged at this pH," (Cornell and Schwertmann,
1996:431). However, other factors like Van der Waals forces, chemical bonds and
electrostatic forces may be having an influence.
Goethite forms in aerobic and anaerobic soils of all climates. Within the
geological environment, goethite occurs in both consolidated and unconsolidated
rocks of all ages, but may be restricted in Palaeozoic and older rocks (Cornell and
Schwertmann, 1996). Goethite is also found in ores, for example, bog ores and
'laterite' crusts.
Goethite tends to form in rocks of low iron content (such as sediments) as
opposed to hematite in iron-rich basic igneous rocks. The same principle can be
established within soils - where organic matter is in abundance, it restricts the high
solubility of Fe in formation ofthe precursor ferrihydrite; thus lower Fe-content oxide
goethite is formed later. This may explain the predominance of goethite in the top
soil. However, during wet conditions, hematite may be reduced by microbial
processes with the dissolution resulting in goethite. The two processes largely explain
the predominance of goethite in top soils.
The negative or positive charge at the mineral surface can be permanent, as in
clays (crystal structure with cation which is not balanced) or it can be pH dependent
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as in hydroxides. Hydroxides tend to have a higher pzc (point of zero charge).
Konhauser (1998) puts a value of 7-8 for the pH at which pzc is attained in bacterial
iron biomineralization.
During metabolic activity plants need oxygen, which may be deficient in
• "\A- 94-

waterlogged soil conditions. Fe

in iron oxides m a y be reduced to Fe

to provide

oxygen. "Active zones of Fe oxide reduction in soils may can be easily recognised as
bleached areas showing the grey colour of the matrix minerals after removal of the
staining Fe oxides," (Cornell and Schwertmann, 1996:421-422).
Due to the presence of cations and anions in Fe-oxides, they act as adsorbents
for a variety of compounds including trace elements and heavy metals. Thus when Feoxides dissolve, these compounds are released. In living organisms, goethite is
essential in tooth hardening in limpets.

4.3.3 Hematite (a-Fe20s)
A dark red to purple iron oxide, bearing the chemical composition, Fe203. The
mineral is found in red beds (red continental sedimentary rocks), BIFs (banded iron

formations), 'laterite' crusts and hot brines, in the geological environment. Within t
soil matrix, hematite occurs in aerobic conditions in varying climates; humid and
subhumid tropics, subtropical and Mediterranean. Hematite is usually absent in soils
of temperate and cool regions (Cornell and Schwertmann, 1996).
In soils, hematite usually co-exists with goethite. Hematite and goethite have
very low solubilities in the aerobic environment. Thus they may remain resistant to
change across the geological timescale, and therefore may be used to elucidate their
conditions of formation. The ratio Hm/(Hm + Gt), has been used in some cases to
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assess the relative ages of soil profiles. This ratio varies between 0 and 0.95, and
correlates with geological ages.
Unlike goethite, hematite occurrence is dominant in subtropical and tropical
climates only, with goethite found everywhere. In soil profiles, hematite is favoured at
lower altitudes, with goethite forming on the higher altitudes. Its formation may be
via the precursor ferrihydrite. In fact lower altitudes and latitudes, higher slope
positions dehydrate ferrihydrite. Such dehydration favours the formation of hematite,
and not goethite.
Hematite usually results from weathering of rocks with high iron content.
Hematite, as one of the major iron oxides, is the only mineral not found in living
organisms for homeostatic functioning. Thus, biological conditions are not suitable
for its formation (Cornell and Schwertmann, 1996). Konhauser (1998) proposed
hematite formation via metastable ferrihydrite, after it precipitated from bacterial
nucleation sites. The ferrihydrite thus formed leads to hematite through dehydration.

4.4 Landscape evolution and 'laterites'
Weathering profiles containing ferricretes/laterites continue to be paralleled in
their explanation by two schools of thought. The first regards them as stratigraphic
sequences, where the ferricretes/laterites are remnants of iron-impregnated valley
sediments. This explanation invokes the lateral transport and relief-inversion model,
which some argue has been the dominant process in landscape evolution. The more
traditional model explains 'laterite profile' formation resulting from vertical
translocations of minerals under humid tropical conditions, with the different parts of
the profile being monogenetically related. Incomplete profiles were interpreted as
reflecting variable degrees of later erosion.
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The m o d e of genesis of 'laterite profiles' remains in doubt, and so does the
classification system of weathered mantles (Taylor and Howard, 1999). The

classification remains subjective, inconsistent and implies a particular genesis. Taylo
and Howard (1999) highlighted the foregoing with some examples:
i) Geological Society of London (1990) and Seouka (1988), who assigned a
weathering index, implying the weathering mantles derived from just one
type of parent rock, and that the indices remained constant as the profile
developed;
ii) Oilier and Galloway (1990) have a profile capped by ferricrete, below
which are mottled and pallid zones in that order. The pallid zone is
believed to have lost iron, yet no evidence is advanced to support this;
iii) Some workers replaced the upper unconsolidated pallid zone with
saprolite, with the naming of this ranging from mottles and pallid zone to
mantle with preserved original rock structures in it. Lack of consensus in
definition of terms furthers the confusion.

By observing profiles in the field, some weathering has occurred in-situ as
evidenced by preservation of bedrock structures like bedding and joints. This type of
weathering may be isovolumetric. Most ferricretes display elements of lateral
transport of iron/aluminium oxides, either physically or in solution - and even the
clearly transported ferricretes underwent subsequent weathering processes. In
addition, there continues to be evidence of lateral movement of iron in solution and
physical movement of pisoliths in present-day landscapes.
The formation of 'laterites' appears to comprise a continuum between those
clearly transported and those that formed by weathering in-situ. This necessitates
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establishing a set of criteria that will enable delineation of a whole range of
ferricretes, especially those that are difficult to categorise. Taylor and Howard (1999)
observed that most classification systems made conclusions that exceed available
data, i.e. they imply a genesis beyond they simple description. For this, geographical
logs were proposed as they are simple and bear consistent terminology.

4.4.1 More detail on the definition of laterite
Laterite has been used for both material type as well as designating a
geographical distribution. Major components of a laterite profile are as follows,
(Tardy, 1993 after Nahon, 1991):
a) a parent rock, from which the profile originates,
b) arena/coarse saprolite as a transition zone within which weathering initiated,
c) lithomarge or fine saprolite, the maturity and equilibrium zone,
d) "lateritic soil in the broad sense, the zone of transformation and attenuation,"
(Tardy, 1993: 11). It is stated that in (c) and (d), profiles thickness varies with
latitude and climate.
Schellmann (1994) discussed laterite formation as a weathering product that
resulted from residual enrichment of iron. The strong weathering of 'laterites' can be
used to differentiate between them and saprolite (less weathered and low enrichment
of iron and aluminium).
The intense weathering typical of tropical regions has been extended to include
the advanced etching of quartz grains. Howard et al, (1995) in using SEM to examine
quartz grains, have concluded that strongly etched quartz grains form in temperate
climates, over prolonged weathering. Thus the severe etching could not be used as a
palaeoclimatic indicator of tropical conditions.

65

However, the term laterite has been applied to m a n y and various residua,
ranging from 'brick-like' or earth-brick material (which is used for building after
drying), to mottled profiles.
The uncertainty in both the definition and interpretation ofthe term Taterite'
has been shown when the term was applied to weathered products and soils and
sediments (Oilier, 1988; 1991; Oilier and Galloway, 1990; and Bourman, 1993a, b;
1995). According to Bourman (1993a, b) laterite may be used to refer to: ferruginous
zones in weathering profiles; complete weathered profiles that are ferruginised,
mottled and bleached sediments and rocks. He observed that in most cases, the

authors did not make it clear as to their meaning ofthe term laterite - the nature ofth

material. Bourman (1995) indicated that laterite had been interpreted as a rock unit, o
an iron-rich horizon by geologists and as a weathering product in South Australia.
Some authors have suggested the term laterite be avoided, due to its apparent
lack of specificity (Milnes et al, 1987; Bourman et al, 1987); and Bourman,
1993a,b;1995), for example. Tardy (1993) in his book stated "...the term laterite will
be used in its broadest sense, to designate all the soft or indurated materials that
constitute soils, and the surface horizons as well as the lower horizons of weathering
profiles of present-day intertropical regions and ancient tropical palaeoenvironments." According to Firman (1994: 151) a laterite profile is, "a variably
ferruginous and aluminous massive, blocky, vesicular, cellular, concretionary and or
conglomeratic zone overlying a mottled zone, pallid zone and weathered zone." The
foregoing highlights one more problem in dealing with 'laterites' - their formation is
almost exclusively taken to indicate former tropical conditions by some authors. This
then infers that wherever Taterite profile' is found, it can be used in palaeoclimatic
reconstructions.
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However, this m a y not be the case as ferricretes or 'laterites' have been shown
to form, for example in Mediterranean areas, under present conditions. In addition,
taking peneplains as original accumulation sites was used by some authors to
conclude that discontinuous Taterite' occurrences resulted from differential erosion
following tectonic uplift ofthe peneplain. Twidale and Bourne (1998b: 114) added to
the caution of misusing the Taterite profiles', stating that "...the evidence does not
imply that all laterites are cool climate developments, or that none is of warm humid

provenance; where possible the climatic settings of ferricretes and laterites ought to be
sought in independent evidence."
According to Schellmann (1994: 131-2), the definition of laterite he proposed
"allows for a geochemical/mineralogical differentiation of laterite and saprolite for
each parent rock." In this definition, no genetic restrictions applied hence; absolute
accumulations and mobile iron from overlying sources were included.
The Taterite profile', is not uniform everywhere, and where iron-enriched
profiles do not conform to the ideal profile, they tend to be ignored, as noted by
Bourman (1989).
With ferricretes; "examples of cementation by Fe oxides are concretions and
Fe-rich soil horizons such as ferricretes. These formations contain more Fe (200 800g/kg Fe oxides) than aggregates and are extremely hard and stable under
mechanical or chemical treatment", (Cornell and Schwertmann, 1996 : 428).
According to Oilier and Galloway (1990), their term 'ferricrete' may include material
that had traditionally been termed Taterite', but they noted the latter had been used
rather widely to refer to various materials.
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Conditions described for various iron formations differ, and m a y be difficult to
ascertain in detail over geological timespan. This may form part of the paradox in
having, a single clear cut-model of iron-enriched profiles.
The term 'ferricrete' is often preferred to describe the iron concretions. It was
first used by Lamplugh (1902) to describe conglomerate and has been extended "to
include all iron-cemented and indurated continuous horizons and crusts in preference
to laterite by some workers (e.g. Milnes et al, 1985; Bourman 1989)" (Bourman,
1995:5). The ferricretes were divided into simple and complex types. The simple
included ferruginised bedrock, clastic and organic sediments. The complex type
incorporated pisolitic, nodular, slabby and vermiform types. The parameters used to
differentiate the ferricrete types were micromorphology, mineralogy and chemistry.
These parameters reflected important factors like nature of parent material,
environmental conditions that prevailed during iron formation and the related
landscape evolution (Bourman, 1995). The mottles and bleached materials were taken
to have independent origin from ferricretes by Bourman (1989).
In this study, all ferruginous materials would be described in detail so as to
avoid a 'blanket' terminology. This would help in differentiating between the many
ferruginous products. In addition to describing the iron-enriched materials, modes of

formation would be included. The term 'ferricrete' is essentially preferred to Taterite

4.5 Iron-oxide minerals and dating
Using rare earth elements (REE), Braun et al. (1998) noted the difficulty of
dating the iron-enriched profiles against the changing carbon dioxide levels and
climate in the geological past. The weathering soil products may be mixed, thus
making the polygenic soil catena even more difficult to date, except where
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preservation of such profiles exists. Most Australian sites chosen for this thesis have
been shown to be well preserved, hence enabling dating of geochemical events.
The various iron oxides have been used as palaeoclimatic indicators in many
geomorphic studies. Diaz and Torrent (1989) studied fluvial terraces and their soil
chronosequences. Within the soils, changes in the mineralogy of iron oxides
(hematite/goethite ratios) were used as indicators of palaeoclimatic changes and
relative ages of geomorphic surfaces.
The perception that Taterite profiles' required exclusively tropical conditions
to form proved incorrect from the findings of Bourman (1989, 1993a, b, 1995) and
Bird and Chivas (1989, 1995). Bourman (1993b) showed that ferricrete was forming
in South Australia, under present climatic conditions; thus pallid zones and ferricrete
need not be solely related to tropical climate.
Iron movement can be pedogenetic (soil-forming) or in fluctuating
groundwater, leading to pedogenetic and groundwater laterite, respectively. The initial
formation of ferricretes, as suggested by the relief inversion model, proposes that
peneplains (as accumulation sites) were impregnated with iron, forming ferricretes.
The edges (unprotected by hard capping) were successively eroded, resulting in the
relatively high position of laterite we commonly see today. Thus ferricrete or laterite
formation has been used to imply a landscape evolution model. This model of
ferricrete forming in low-lying areas, with subsequent relief inversion, was used to
explain plateau top ferricrete in many parts of the world by Galloway and Oilier
(1990).
The forming of ferricrete and relief inversion can be repetitive, with Oilier
(1991) seeing this model as widespread and worthy of being contrasted with that of
Davis or Penck. The Tateritic' landscape largely depended on the interpretation of
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h o w Taterite' w a s thought to have formed. S o m e ofthe models of Taterite' formation

include "development of laterite on a surface of low relief, close to sea level, follow

by differential tectonic uplift and dissection of the lateritic surface; development of
multiple erosion surfaces affected by episodic weathering and laterite formation;
differential weathering and laterite formation on a landscape formed by uplift and
dissection of a surface originally of low relief, and the weathering, erosion and
sedimentation of a landscape before, during and after uplift," (Bourman, 1995: 15).
Taylor and Howard (1999) concluded that deep weathering supported the
landscape model of prolonged tectonic quiescence since the Miocene, with uplift
during the mid-Pleistocene resulting in stripping. From detailed studies of ten
weathered mantles, they asserted that the mantles developed in-situ with the water
table separating zones of weathering intensity.
Karunakaran and Sinha Roy (1981), from their assessment of polycyclic
geomorphic surfaces in south Kerala (India) proposed a chronology as follows:
i) inselbergs as the oldest geomorphic surface,
ii) residual laterite being the next planation level,
iii) the valley-fill of drainage network was established as the youngest
aggradation surface.
According to Butt (1981), lateritic episodes in Australia have been variously
estimated for the age ranges from early Cretaceous to the mid-Tertiary.
In South Australia, ages of Taterite' spanned from early Mesozoic to the
present. However, it may be quite difficult to determine the true age of the materials
because they take long to develop; their modes of formation may be several; reworking and re-weathering may have occurred; dating techniques applied to
weathered materials are found wanting (e.g. oxygen-isotope dating of kaolinite, and
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alunite and palaeomagnetism giving ages that are out of phase), and the paucity of
constraining sediments (Bourman, 1993a, 1995).

4.6 Stable isotopes and iron oxy-hydroxides
Using both the D/H and 180/160 values of a single hydroxide mineral can yield, in
principle, palaeotemperatures. The conditions necessary are as stated below (Yapp,
2000):
i) for the mineral-water fractionation factors of both oxygen and hydrogen
isotopes, a knowledge of their temperature dependence is needed,
ii) at the time of mineral crystallisation, isotopic equilibrium or nearequilibrium is required,
iii) retention of the hydrogen and oxygen within the mineral structure from
time of mineral formation,
iv) some detailed knowledge of the association between the oxygen and
hydrogen isotope compositions ofthe waters,
v) the water-rock ratios that ensue during mineral crystallisation.
Unfortunately, it would be unusual for all the conditions to be met, or for
estimates ofthe past isotopic composition ofthe meteoric waters (item iv) above to be
well constrained. The most abundant iron (III) minerals in nature, a-FeOOH
(goethite) and a-Fe203 (hematite) have been studied, either experimentally or by
thermodynamic calculation, to determine their mineral-water, oxygen-isotope
fractionation curves.
The isotopic values for low-temperature natural goethites plot sub-parallel to
the meteoric water line (plot of 8D versus 8180). This close parallelism to the
meteoric water line would indicate isotopic equilibrium is attained or nearly so, when
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natural goethite is formed. The 8 1 8 0 values of natural goethites ranged from -15.5 to
+3.3%o. The 8180 for low-temperature hematite fell in the range -16.7 to +4.7%o,
Figure 3. The formation mechanisms of these two oxides may have a bearing on their
isotopic values. It was noted that both goethite and hematite may form from the metastable ferrihydrite. This precursor ferrihydrite would have an isotopic composition
indicative of formation conditions.
The goethite-water fractionation factors a, defined as a =

RA/RB,

where A =

goethite, B = water and R = D/H or 180/160.

D

oc = (D/H)goethite / (D/H)water, with a similar relation applying for 18a.

The value of 0.905 +/- 0.004 was found for Da in the temperature range 25-145°C.

This value "...seems to be applicable to natural continental goethites from active (i
young) bog and soil deposits (Yapp 1997; Girard et al, 2000) and a Holocene marine
goethite (Yapp 1987a, 2000)," (Yapp, 2001: 170).
For 18a, the synthesis experiments did not converge on one value in addition,
the researchers had difficulties in explaining the disparities. However, using paired
values (180 and D), the equation 6; 1000 ln18a = [(1.63 x IO6)/ T2] - 12.3 is
representative for goethite.
The hematite-water oxygen isotope fractionation factor was measured
(synthesis experiments) by several researchers for various pHs, ie Yapp (1990); Bao
and Koch (1999), after Yapp (2001). The equations obtained were similar, hence
providing crucial references in analysis of natural hematite.
The physical influences of soil-depth and evaporative/seasonality effects on 8

values of goethites was discussed by Yapp (2001). It was found that soil-depth did not
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have a significant influence on the isotopic values. The evaporative/seasonality
influence could be tested using both 8 values (oxygen-18 and D) of goethite. Rain or
snow, the meteoric waters that have not undergone evaporation would plot on or close
to the meteoric water line. Three scenarios were explored to assess the evaporative
influences, Yapp (2001):
i) The 8 values of freely evaporating water tend to be positive, reaching 8D/8180
slopes of 4-6 according to Craig (1963),
ii) Soil waters experienced similar enrichment in the 8 values, and thus have
8D/8180 slopes of 2-5;
1 Q

iii)

The iron (III) minerals' isotopic values (8 O and 8 D ) that lie close to the

1 Q

meteoric water line (8D/8 O slope 8), rather than 2-6 for evaporation - would
indicate the nature of environment of formation.

The paired 8 values of continental goethites would be expected to have a well
defined isothermal trend, for iron (III) minerals originating from meteoric water.
Kaolinites have been used to elucidate their formation conditions, in several
parts of the world. The key to using these clays has been their ability to retain their
original isotopic signature. Using iron (III) minerals would require that they also show
evidence of retaining their initial isotopic composition within the same geological
time frame.
Goethites and hematites, as discussed earlier, derive from precursor
ferrihydrite. The iron (III) minerals derive their oxygen-isotope ratios during the
transition from initial minerals (Yapp, 1987a; Bao and Koch, 1999). Dissolution and
precipitation of iron (III) minerals may lead to isotopic exchange with new meteoric
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waters. Y a p p (2001) hinted that the aqueous solubilities of these minerals would
determine whether they retained their isotopic signatures in geological time.
Different size fractions of the iron (III) minerals, especially goethite, were
subjected to dissolution in oxidising conditions. In general, for a given pH goethite

solubility increased with decreasing oxidation potential; and, the solubility of goethit
also increased with decreasing particle size in micrometers. It would therefore mean
that lack of repeated strongly reducing/oxidising conditions; lack of microbe-induced
dissolution and precipitation and complexing ligands on near surface soils and bogs;
ensured preservation of original isotopic composition.
1 R

There has been some evidence of 8 O retention by some pedogenic goethites
(as old as IO6 years) see Girard et al, (1997, 2000); and for oolitic ironstones ofthe

late Ordovician (Yapp, 1998). The burial history of goethite is crucial in assessing its
oxygen isotopic retention - for instance, goethite has been shown not to incur any
dissolution/precipitation when removed from environments of particular biological
activity, hence behaving like a closed system. The solubilities of goethite and
hematite are similar; Yapp (2001) concluded that the findings for goethite would be
similar to those of hematite. However, he observed that hematite acquired its oxygen
in several pathways.
Hematite may originate from the precursor ferrihydrite; from goethite through
dehydration reaction or solid-state transformation at temperatures around 200°C. The
hematite S180 origin may be influenced or changed when the solid-state transition of
goethite to hematite occurs. Assessing the origin of 8180 of hematites that derived
from solid-state dehydration of goethites "would probably reflect the waters and
higher temperatures of low-grade metamorphism. The geological context should help
to assess the likelihood that the oxygen-isotope ratios of ancient hematites preserve
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information on sedimentary or early diagenetic rather than low-grade metamorphic
conditions," (Yapp, 2001: 183).
It has been demonstrated that most iron (III) minerals tend to retain their S180
values. For 8D, Yapp (2001) concluded that some samples did quantitatively retain
hydrogen, while others did not. Thus the isotopic composition in some samples would
not be representative of the formative waters during mineral crystallisation. The
aforegoing discussion emphasises that the 8180 values of Australian surficial goethite
and hematite are likely to be reliable indicators of their origin, as minimal later
metamorphism and diagenesis occurred.

Natural goethites

All types of Natural Goethites: -15.5 to +3.3%o

T n w latitnrlp lat<=ritp<! (gnpthitpc:)- -1 8 tn + ^ ^ % n

^

^

L o w palaeolatitude oolitic ironstones (goethites): -

Natural Hematites (low-temp, non-marine: -16.7 to +4.7%o
^
^

W
Iron (III) minerals from this study: +3.4 to +10.0%o

Figure 3: Measured 8 1 8 0 values of Iron (III) Minerals, the data c o m e from several
studies, modified after Y a p p (2001).
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4.7 Isotopic results from Australian iron-oxides
Preparation of goethite proved very difficult. Many more samples than the five

tabulated below were initially investigated, but they could not be adequately purified

Fine-grained, earthy, less crystalline material was most difficult. Several of the iro
(HI) oxides that have been analysed in this thesis have corresponding 8180 values for
kaolinite samples within the same profile. The main aim was to investigate the
conditions of formation, and further analyse the relevance of 8180 from the iron (UI)
minerals in dating weathered regolith, as has been achieved using kaolinites. The
samples are briefly described below.
From the New South Wales coast, at Thirroul, (a northern suburb of
Wollongong) a goethite sample (CNSW3) yielded a 8180 value of +10.0%o. The
goethite sample was from within the mottled zone developed within a weathered
igneous dyke rock. The corresponding kaolinites in the profile are detailed in Table
10.
The following iron-oxide samples came from mine pits in Western Australia,
in the Yilgarn Block.
CJAWA22 is from Lawlers Turret Pit, from a reddish shiny rock. The XRD analysis
indicated the presence of goethite and hydrohematite. The 8180 value is +3.4%o.
CJAWA22A is a shiny siliceous iron-stone, which contains hematite and goethite
according to XRD analysis. The 8180 value was +6.2%o. Sample CJAWA27, also
from the Turret Pit, is shiny black, and has a 8180 value of+6.0%o. These shiny black
massive rocks underlie the transported ferricrete, and are composed of goethite.
At Bronzewing, sample CJAWA59 is from shiny black goethite pisoliths from
1 fi

re-worked collapsed saprolite, below transported palaeochannel sediments. T h e 8

O

value for sample CJAWA59 is +8.9%o.
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C J A W A 6 7 was from the Discovery Pit at Bronzewing. The shiny black
goethite pisoliths from the mottled zone had a 8180 value of +3.3%o.

4.8 Discussion and Conclusions
The 8180 values ofthe low-temperature iron (III) minerals in this study ranged
from +3.4 to +10.0%o. Previous studies had found isotopic compositions for goethites
1 R

in the range -15.5 to +3.3%o For hematite, the low-temperature samples had 8

O

values from -16.7 to +4.7%o. In nature, the iron (III) minerals may not occur as pure
samples; they tend to occur admixed with others. Minerals paired with goethite have
been used in some studies to calculate palaeotemperatures. The environments of
formation ranged from hydrothermal to low-temperature settings. Some negative
oxygen-isotope values, e.g. in the range -8 to -6.0%o could be reflective of intense
rainfall that may be highly seasonal or monsoonal (ITCZ shifts) in areas of laterite
formation, consistent with humid tropical environments.
The goethite S180 values (for the single mineral) are assumed to have formed

in isotopic equilibrium with the meteoric water, hence satisfy the relationship with th
meteoric water line - MWL. The equation for the MWL is 8D = 88180 +10. The
goethite, having formed close to or in equilibrium, with the MWL would be expected
to satisfy the relation, equation 7:
8DG = 8 (Da / 18a) S180G + 1000 [8 (Da / 18a) - 1] - 6990Da.
where, Da = 0.905 +/- 0.004.
The above equation 7 is for goethites that crystallised in the presence of
unevaporated meteoric waters, according to Yapp (1987a, 2000). In addition, the

water-rock ratios should be large, and finally the goethite-water fractionation factors
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(of O and H ) should be along an isotherm - consistent for all environments with the
same temperature.
The parameters in the equation are defined as follows:
SDQ = 8D of goethite;
8180G = 8180 of goethite; and
1R T)

a and a are the goethite-water fractionation factors.
1 Q

The

a of goethite-water, has a temperature dependency different to those of

other surficial minerals like kaolinite, quartz and gibbsite, (Yapp, 1993a). Thus the
co-existence of any of these other minerals could be used in oxygen-isotope
thermometry to determine their temperature of formation, if paired with goethite, by
using equation 7 (Yapp, 2001). However, the Australian goethites from this thesis are
not necessarily contemporaneous in their (re) crystallisation with their 'paired'
kaolinites. Accordingly, I will only consider and assess whether they might be in
equilibrium, rather than assuming so.
The results (Table 10) indicate that at Earth-surface conditions there is about a
10.5%o difference ('fractionation', if in equilibrium) between the 8 80 values of
kaolinite and goethite from the same localities. That is, there is a range of goethite
8180 values (+3.4 to +10.0%o) that parallel the variation of the S180 values of
kaolinite.
These data would be greatly augmented by having 8D values, as this for
goethite, is largely temperature-independent at Earth surface temperatures.
However, the preliminary data hold great promise, for they indicate that the
oxygen-isotope values for surficial goethite can be applied to estimate (as with
kaolinite) the conditions and thus, in Australia, the ages of weathering.
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This proposition is effectively tested for the samples from the several mining
pits at Lawlers.

Table 10: Oxygen-isotope values of kaolinite and goethite from some Australian
weathering profiles.
A

18n

Locality

O

Thirroul, N S W

+20.2

+ 10.0

+10.2

Bronzewing

+14.5

+3.3

+11.2

+19.3

+8.9

+10.4

vJkaolinite

8

Ogoethite

H

'-'kaol-goethite

(Discovery pit)
Bronzewing
(Central pit)
Lawlers (Turret pit) -

+3.4 (+6.2*)

Lawlers(North Pit)

+18.9

-

-

Lawlers (HP Pit)

+18.7

-

-

Lawlers (HP Pit)

+16.2

-

-

Lawlers (HP Pit)

+20.4

-

-

* denotes sample that includes some hematite.
1 R

Here several kaolinites (discussed in more detail in Chapter 6) of varying 8 O values,

and therefore age (Section 2.3) are found. There is a complicated weathering history.
The goethite (with a value of +3.4%o, Turret Pit) is most likely to be associated, in
time, with the isotopically lightest kaolinite (S180 = +16.2%o), and be ofthe oldest

age. This is because the A18Okaoiinite-goethite difference should be constant for co-ex
phases, and have a value of about 11 per mil.
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C H A P T E R 5:
ISOTOPIC STUDY OF KAOLINITES IN SOUTH-EASTERN SOUTH
AUSTRALIA
5.1 Introduction
Several study sites were investigated in south-eastern Australia, around
Adelaide (Figure 4). The profiles studied typically comprise ferricrete, with
underlying mottled and bleached sections in some places (Plate 4). The ferruginous
sections were varied in material type and in origin, some being clearly in-situ and
others showing evidence of re-working. Where the profile was complete, in the strict
sense of a standard Taterite' profile, mottled sections would underlie the ferruginous
capping, followed by the pallid zone. Much of the interest in these profiles was in
dating the "stratigraphic sequence" of the components of the weathering profile i.e.
whether the older part was the ferruginous or pallid zone. Firman (1979:115)
observed that "the mottled zones in some places coalesce upwards to form a ferricrete
cap and in others are older than the ferricrete crust overlying them. The bleached
zones are of great antiquity, their stratigraphic position being at the MesozoicCainozoic boundary."
Most ofthe sites had previously been studied, and in some cases subjected to
other forms of dating, including palaeomagnetism. The profiles where palaeomagnetic
dates had been obtained were of special interest since one of the research aims is to
compare the dates between the oxygen-isotope method and palaeomagnetism.
Previous work on oxygen-isotope analysis of the South Australian regolith was
done by Bird (1988). A spread of kaolinite isotopic values, hence regolith dates, was
established.
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Samples with depleted 8 1 8 0, ranging from +10.2 to +13.7%o were
attributed to pre-late Mesozoic age. Birdwood is one example (located east
of Adelaide), and Bird (1988) pointed to the existence of sites ofthe same
age to the north and south of this locality. The prevalence of pre-late
Mesozoic profiles could only be adequately differentiated from those of
younger age by a suitable technique - in this case, the oxygen-isotope
method. The method could also date the time of weathering (rather than
deposition) of transported sedimentary clays.
1 Q

A 8 O value of +15.5%o, in the Copley area, showed the sandstone
weathering occurred in the late Mesozoic to early Tertiary. This is the
period generally believed to have coincided with vast occurrences of deep
regolith development across Australia.
For clays of post-mid Tertiary to pre-late-Tertiary age, it may not be
possible to unambiguously distinguish them isotopically (Bird, 1988:
Section 4.4.1). Bird and Chivas (1989: 3239) stated "the boundary
separating pre-mid Tertiary samples from post-mid Tertiary samples is
somewhat diffuse, due again to the imprecise nature of many of the ages
that can be (independently) assigned to regolith profiles; however it can
generally be considered to be in the range 30 to 40Ma before present." The
uncertainties that relate to establishing the oxygen-isotope geochronology
are: firstly, knowledge of the isotopic composition of the meteoric water
throughout geological time in Australia; and, secondly, the field data (and
independent dating) available to calibrate the isotopic method mostly
offered maximum and minimum ages, and hence there are difficulties in

establishing highly precise weathering ages. The 8 1 8 0 values in the range
+17.6 to +20.7%o coincided with the post-mid Tertiary weathering phase.
Kaolinite 8180 isotopic values that are in excess of+22%o would not indicate
profiles that formed in humid conditions of low evaporation. Thus such isotopic
values that are indicative of evaporative conditions, as the plot of S180/8D
confirms.

5.2 Findings: Sample sites and their oxygen-isotope values
Several sample sites in south-eastern South Australia have been sampled. At
Yundi, (on Precambrian bedrock) weathering kaolinite yielded a 8180 value of
+12.1%o. This would be consistent with the pre-late Mesozoic age established for
some samples in the region by Bird (1988).
The deeply weathered Precambrian-basement profile at Yundi is at the bottom
of the road-cut exposure, and is cut by quartz veining. The sample of kaolinite, SA6,
was taken from this basement layer. It was yellowish-white and highly weathered.
Unconformably overlying this was weathered Permian fluvio-glacial material,

cemented by goethite. Two distinct massive ferricrete layers, interrupted by a reddish
orange layer, complete the profile, with soil at the very top. Another sample from the
Yundi outcrop, SA12, which was yellowish-white clay from pebbly material in the
Permian-bedrock lithology ofthe profile, had a 8180 value of+10.8%o (Plate5).
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At Peeralila near Victor Harbour there is a bog iron deposit, believed to have been
deposited on the Cambrian Kanmantoo Group. Downhill from the site, underlying the
iron is a mottled weathering profile, with the lower section bleached. Sample SA16, a
bleached (kaolinite-rich) sample from the weathered basement material of the
1 R

Kanmantoo Group, has an 8 O value of +21.0%o.
Several samples came from the Blackwood railway cutting, where mottled
Eocene sediments overlie a Precambrian basement. The Eocene sediments comprised
a hematite/mottled and bleached section. Sample SA21 is a bleached clay sand from

the top section of the profile. The isotopic composition of its extracted kaolinite i
+23.4%o, an isotopically enriched sample. The basement Precambrian layer was
wholly kaolinised.
Sample SA24 from a little deeper within the same mottled Eocene sediments,
gave a 8I80 value of +20.5%o. This value corresponds to the post-mid Tertiary
weathering phase. Sample SA23, from the weathered basement Precambrian
contained too much quartz (in excess of 20%), in its clay-mineral fraction to permit
isotopic analysis.
At Chandlers Hill, sample SA26 from kaolinite developed in Precambrian
basement, has an isotopic value of+19.7%o. The kaolinite (orange-white in colour)
was taken from the saprolite, which was overlain by a slabby ferricrete. The slabby
ferricrete was mineralogically complex and developed on top of the basement rock,
i o

with iron movement d o w n slope concentrated mainly as hematite. A 8 O kaolinite
value of+19.7%o would be indicative of post-mid Tertiary age.
At Clarendon road-cut, just south of Clarendon village near Adelaide, was a
mottled weathering profile. The upper portion is Eocene sediments and iron-enriched.

84

This section is believed to be part of the old Onkaparinga fluvial system. The
sediments are coarse-grained with broad wavy bedding.
Sample SA29 is kaolinite from the underlying deeply weathered and
1 R

kaolinised Precambrian basement. The 8 O isotopic value is +18.9%o. S A 3 0 was a
suspected silcrete sample in the field, but XRD analysis confirmed its high kaolinite
content (above 80%). The sample overlay the mottled ferruginised sand, but below the
mottled clay. The isotopic composition ofthe kaolinite was +19.8%o. SA32 is clay
taken above the ferruginised mottled sand. The isotopic composition of the kaolinite
was+18.3%o.
A stratigraphic representation ofthe site is depicted in Figure 5 below.

y SA32 (clay above ferruginised mottled sand) - 8180 = +18.3%o

I
I SA30 (above mottled ferruginised sand but below mottled clay) -8180 = +19.8%o

I
1R

_ S A 2 9 (Precambrian basement, deeply weathered) - 8 O = +18.9%o.

Figure 5: 8180 isotopic values of kaolinite-rich materials from the Clarendon roadcut.
From Chapel Hill, a Precambrian mottled weathering zone, overlain by
Eocene gravels was also sampled. The mottled sample had blotches of bleached and
iron-enriched sections. The clay sample, SA33, for analysis was extracted from the
bleached Precambrian basement, and has a 8180 of +17.8%o consistent with a postmid Tertiary weathering age.
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Seaview quarry contained transported (re-worked and re-deposited) massive
clay deposits within Tertiary sediments. The sediments were differentially weathered,
with some having ferruginised layers. The 8180 value of the kaolinite sample SA42
was +18.7%o, which attributes the clay to a post-mid Tertiary weathering age.
A kaolinite sample was recovered from the quarry floor at Mr Smarts Quarry
in Clarendon Vale, near the Clarendon road. The weathered siltstones within the
quarry dipp at 45 degrees to the west. The rock types are slaty/shale and are not fully
bleached in the iron-enriched sections. Above the slaty/shale rocks is a gravelly,
fluvio-glacial sediment. The weathering was in-situ and isovolumetric. The isotopic
value of kaolinite SA43 is +19.1%o.
The Happy Valley Reservoir Overflow channel-cut, still in the Adelaide area,
was a stream-incised exposure with varying degrees of weathering. The sequence
dipps at 45 degrees to the west. Bleached as well as iron-mottled sections occur on the
weathering/weathered exposures. The slaty/shale rocks are heavily ferruginised.
Sample S A45 is from white kaolinite at the base of the cutting in the pallid zone. The
1 Q . - ,

8 O value is +18.6%o, and thus the weathering age is post-mid Tertiary. S A 4 8 is a

kaolinite overlying the purplish massive hematite layer. Its isotopic value is +20.7%o.

5.3 Discussion and Conclusions
The South Australia samples analysed in this study have given some more

insight into the ages of the weathering profiles in this part of the island continent. A
discussion ofthe findings is presented, against the backdrop ofthe pioneering work of
Bird and Chivas (1988, 1989, and 1993). Isotopic compositions ofthe earlier findings
make a crucial basis in terms of furthering the geochronology already established.
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South Australia is one place in Australia where stratigraphic or geological
dating has demonstrated weathering of pre-late Mesozoic age. The isotopic
geochronology of Bird and Chivas (1988, 1989 and 1993) has indeed confirmed such
weathering sequences. The isotopic values of kaolinite from the pre-late Mesozoic
weathering mantles had low 8180 values, of+10.2 to +12.3%o for their samples at
Kangaroo Island (in Permian fluvial sands) and in the Copley area (kaolinite
developed on Precambrian basement). The samples with similarly light oxygenisotope values from this present study are at Yundi. The kaolinite developed on the
Precambrian basement ofthe profile (SA6) had an 8180 isotopic value of+12.1%o.
Another clay sample from within the pebbly Permian gravel, but above the basement,
SA12, yielded +10.8%o. From the earlier work of Bird and Chivas (1993) it can thus
be shown that profiles of a similar age can be demonstrated. East of Adelaide, at the
Birdwood Kaolin pit, a profile of similar age was found and had developed on
Precambrian metasedimentary rocks. Bird and Chivas (1993) noted that profiles of
pre-late Mesozoic had been documented to the north and south of the area, and thus
expected more profiles to be identified. Yundi, then, would be such a profile.
Comparisons were drawn between the oxygen-isotope dates and those from
palaeomagnetism and K-Ar analysis of alunite by Bird and Chivas (1993). The
palaeomagnetic and indeed the K-Ar dates yielded late Cenozoic ages. This contrasted
with the stratigraphic/geological and oxygen-isotope ages that demonstrated pre-late
Mesozoic weathering. The discrepancies in the dating data sets stemmed from
dissolution of both iron minerals and the sulphates as the groundwater re-mobilised
them in the late Cenozoic. The foregoing is consistent with the continuous
modification of landscapes throughout geological time, but also demonstrated the
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retention of the oxygen-isotope signal, in spite of the modifications imposed by later,
continuing regolith-forming processes (Bird and Chivas, 1993).
Based on geological dating, some weathering clays developed on Precambrian
rocks have been analysed in South Australia. As shown above, the geological and
oxygen-isotope dates have been shown to be in agreement. The following
Precambrian-basement kaolinite samples yielded isotopic compositions not consistent
with a pre-late Mesozoic age. At Chandlers Hill, the kaolinite (SA26) had an isotopic
value of+19.7%o. Clarendon Road cut basement kaolinite (SA29) of similar age had
+18.9%o as its oxygen isotopic value. The other kaolinite on Precambrian basement
was at Chapel Hill (SA33), with +17.8%o as the isotopic composition. Happy Valley
basement kaolinite (SA45) yielded an isotopic composition of+18.6%o. All the latter
samples point consistently to a post-mid Tertiary weathering age, and not a pre-late
Mesozoic age. Chapel Hill sample, SA33 with isotopic composition of +17.8%o is
close to the pre-mid Tertiary ages represented by isotopic values in the range +15.5
+17.5%o.
A transported clay sample, SA42, from the Seaview Quarry, also indicated a
post-mid Tertiary weathering age, bearing an isotopic composition of+18.7%o.
SA24 kaolinite overlies SA23 (a 'Precambrian' sample that could not be
analysed due to its high quartz content). SA24's isotopic value is +20.5%o. This
Blackwood rail-cutting site yielded +23.4%o for SA21, which was at the top ofthe
profile. In this location, where Eocene sediments overlie Precambrian rocks, SA21 at
the top ofthe profile indicates formation under evaporative conditions.
At Clarendon road-cut SA30 and SA32 yielded +19.8 and +18.3%o
respectively. SA32 was from the clay above ferruginised mottle sand, with SA30
within the silcrete layer. The weathering for these samples, is again, post-mid
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Tertiary, with S A 3 2 being slightly more isotopically depleted than even the
'Precambrian' clay sample, SA29 with +18.9%o. The top part of this profile is covered
with Eocene sediments, probably related to the Onkaparinga palaeo-fluvial system.
The fluvial material is predominantly iron-enriched.
Samples SA43 and SA48 were from Mr Smarts Quarry and Happy Valley
channel cutting, respectively. SA43 was close to the Clarendon road-cut, where
1 R

samples SA29-32 were taken. The 8 Oisotopic value of S A 4 3 was +19.1%o. Happy
Valley kaolinite, taken above the massive hematite layer, has an isotopic value of
+20.7%o. All the samples are consistent with the post-mid Tertiary weathering phase.
In conclusion, it would appear most of the samples from this part of South
Australia experienced weathering at the same time, except the Yundi outcrop. All the
weathering is of post-mid Tertiary age. This applies to both Tertiary sediments and insitu Precambrian bedrock. The examined sediments that overlie the Precambrian
basement are largely Eocene. Mottling and or ferruginisation dominated in these
younger sediments.
Sites like Yundi and Birdwood, with such highly weathered and, hence, easily
erodable material, face preservation problems. This is especially so since a time frame
in excess of million years is involved. At Birdwood, the existence of overlying
quartzites has been shown to protect the underlying, heavily weathered basement
rocks (Bird and Chivas, 1993). Yundi has an interesting profile geometry. There is the
weathered Precambrian basement, within which are some quartz veins. Above it is the
weathered Permian fluvio-glacial layer that is cemented by goethite. Two massive
ferricrete layers, separated by a reddish-orange layer separate these two. The presence

of more than one ferricrete layer is indicative ofthe armouring effect ofthe duricrusts.
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The post-mid Tertiary ages demonstrated by the majority ofthe samples from
this study correlate with about seven samples that yielded similar ages from Bird and
Chivas (1993). Their southeastern South Australian samples had 8I80 isotopic values
ranging from +17.6 to +20.7%o. In this study, samples ofthe same age range from
+17.8 to +21.0%o. From their studies, SA8 had an isotopic composition of+24.5%o,

and they attributed its formation to evaporative conditions. Based on isotopic analysi
1 R

and the 8 O values of meteoric waters, samples with isotopic values in excess of
+22%o pertain to evaporating conditions. The plot of 8 O versus 8D would plot to the
right side ofthe meteoric water line (MWL). SA21 from this study has an isotopic
composition of+23.4%o, from Blackwood, from the uppermost part ofthe railway-cut

profile. This isotopic value relates to evaporative formative conditions as well. It w
the only sample in the whole of the study area to indicate development from
evaporative waters, and may relate to the onset of aridity in South Australia.
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CHAPTER 6:
ISOTOPIC STUDY OF THE KAOLINITES OF THE YILGARN BLOCK

6.1 Significance of Yilgarn Block investigation
The Archaean Yilgarn Craton is extensively covered by deep weathering
profiles whose ages have proved difficult to constrain, as there is commonly little
independent stratigraphic age control. Much of the current Yilgarn landscape
resembles a flat peneplain, now partly dissected, and is typified by the presence of
breakaways, which are mesa-like landforms of duricrust cap over mottled and pallid
deeply-weathered bedrock (Figure 6).
The mode of genesis of breakaways is essentially seen as a scarp retreat.
Surface and groundwater processes may have acted collectively or in isolation to form
the features. At present, most of these breakaways have a duricrust protective

capping, either silcrete of ferricrete. Where the capping is silcrete, it is almost always
covered by iron oxides - the red staining clearly evident. According to Conacher and
Dalrymple (1977), the iron and silica may reflect contemporary soil surface processes,
to a depth of about 2m. More detailed work remains to be done to ascertain the true
age ofthe duricrusts. Oilier and Galloway (1990) attributed the existence of ferricrete
on breakaways to relief inversion. The authors stated that "there is no reason to
suppose that inversion of relief occurred once only; it may have been repeated many
times. If this were so, individual mesas or breakaways cannot be readily correlated"
(Oilier and Galloway, 1990: 107).
From my fieldwork observation in this area, the surfaces (cappings) of the
breakaways are punctuated with solutional hollows. Thus the contemporary pedogenic
processes observed by other researchers may bear testimony to this. Once partly
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Figure 6: The distribution of breakaways and rocky outcrops in the Yilgarn Craton (summarised
from 1:250,000 topographic map).
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dissolved, the capping also mechanically disintegrates and m a y be washed
down slope, leaving the pallid zone unprotected. This may lead to gradual degradation
ofthe breakaways.
Little isotopic study has been carried out in this part of Australia, except for the
Collie and Coolgardie samples (Bird, 1988) which despite being quite some distance
apart, gave similar oxygen-isotope values indicative of post-mid Tertiary ages.

6.2 Geology and geomorphology of the Yilgarn Block
The rock types of the Yilgarn are mainly Archaean granite and granitic gneiss,
and these have commonly experienced deep weathering, leading to kaolin formation.
The greenstone belts in the Yilgarn are host to primary gold and nickel mineralisation,
and where deeply weathered to supergene gold and nickel laterite deposits. A
palaeochannel system is believed to have modified the Yilgarn terrain in the past
(Salama, 1997; Abeysinghe and Fetherston, 1999).
Salama (1997) identified four stages in the development ofthe Yilgarn. The
stages are as follows:
I - polycyclic erosion of the Yilgarn Block with the sediments deposited in the Perth
Basin,
II - uplift ofthe Yilgarn Block and parts ofthe Perth Basin,
III - denudation ofthe Yilgarn by up to 500m,
IV - a two-stage uplift of the Darling Plateau during the Oligocene and
Miocene/Pliocene. This resulted in the damming of the drainage system, forming the
Yilgarn River. This was an arid phase due to increasing volume of Antarctic ice and a
concurrent northward drift of Australia into drier climate. Sand dunes and inland lakes
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persisted. Thus a palaeodrainage system was influential in shaping the surface of the
Yilgarn Block (Figure 7).
The Pleistocene was a wet/dry climate regime with erosion and local deposition
prominent due to the established low gradient, gradually leading to the present
landscape. The wheatbelt zone (the southwestern Yilgarn) underwent desiccation with
consequent evaporite occurrences, later locally covered by sand dunes. During wet
episodes, 'laterite' formed, followed by carbonates (Salama, 1997). The erosiondeposition process may have affected either the formation and or the existence of
breakaways.
The neotectonics in the area may have resulted in local variations in land uplift.
The uplift (tectonics) is believed to be continuing today in the Yilgarn (Salama,
1997). Earthquake epicentres that occur between Brookton and Quairading coincide
with a change in gravity anomaly, overlain by thick alluvial sediments. Establishing a
denudation chronology of the Yilgarn Craton would elucidate the relative ages of the
profiles.
Within the wheatbelt, exists numerous rocky (ie. unweathered) typically granitic
outcrops (Figure 6). Twidale and Bourne (1998) have studied these exposures. The
authors established the existence of various forms and exposure heights of the
outcrops. The "...Wheat Belt bornhardts were produced by the differential weathering
of the country rock beneath the then land surface and during the period of
kaolinisation and ironstone formation," (Twidale and Bourne, 1998a: 911). The
denudation chronology proposed by Twidale and Bourne (1998a) assigned different
land facets to geological times. Thus the profiles were put in a relative dating
sequence, employing stratigraphy or topographic relationships.

94

>%

400C

"*>
>i600

550
\

550

400,
500

3fi00
*500

i20000rv>T-r>
XX

f

DUNES

A500550

500

50\

55oJ

x

**&> x

500:/

500
500,
500 \5,
F500

•£

A. 500^,
•y 500
y
500 (
\

DUNES"

lb 1
3

-» x
X X
w

X V

DUNESV

pc
\

™%
500

X

2> x

x

JUNE

X

xx

v

X

x XX

-\

x

X

v

X XX

LEGEND
r-

Figure 7: Physiography ofthe Yilgarn Craton.

Rock outcrops
Breakaway with
contour height
Drainage system

a) The Old Plateau (diachronic surface) is of later Mesozoic (Cretaceous) age.
Weathering and erosion ensued during the Cretaceous since much of the Yilgarn
was an island.
b) As for the datings of surfaces and channels, they equate with bornhardts. They are
the same age as the weathering profile, which is probably Cretaceous.
c) Still in the Cretaceous and possibly early Cenozoic to Eocene, dissection of the
weathered regolith exposed some outcrops. The period of early Cenozoic to
Eocene was of incised palaeochannels and the initiation of stripping. As for the
Taterite' (Twidale and Bourne, 1998a: 912) proposed that even though laterite
formation may have been continuous or of different ages ".. .there is no doubt that
the primary laterite was present on the Old Plateau...also stream incision and
lowering of the water-table, possibly initiated by the earth movements related to
the separation of Australia and Antarctica, would have initiated irreversible
hardening and preservation ofthe ironstone (Alexander and Cady, 1962)."
The samples from the Yilgarn would help in understanding the development
and ages of the regolith, using oxygen-isotope analyses. The relative dating reported
above, where stratigraphic, or geomorphic, correlation is employed, has been shown
to have varying degrees of success.

6.3 Oxygen-isotope values of kaolinite from road-cuts and farm dams
I have chosen to present the Yilgarn 8180 values for kaolinites in three
groupings, which will be later compared. Firstly this section considers samples
collected from road and rail cuts, and farm dams (Plates 1,6 and 15). Following
sections consider clays from breakaways and open-pit mines. The southern half of the
Yilgarn Block (Figures 6 and 7) contains few breakaways, but abundant large rocky
outcrops. The mid-latitude Yilgarn has both unweathered rocky outcrops and
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breakaways, and breakaways are most abundant in the northern Yilgarn (Plates3, 17
and 7 to 13).
Near Wooroloo, opposite the turn-off (Linley Valley road) into the settlement
was a road cutting on the Great Eastern Highway to Northam. The site is 0.7km east
of El Caballo resort. The profile had an orange bauxitic duricrust at the surface,
1 o

overlying kaolinite that arose from granitic weathering. The 8 O value of the sample
is+21.9%o.
At Calingiri (site GSWA145113), 1km south ofthe intersection, a quartz-rich
kaolinite was sampled. (Abeysinghe and Fetherston (1999) use GSWA prefixes for
Geological Survey of Western Australia sample numbers). Bauxite acted as a surface
cover at this site. Sample AW3B came from west of the road, and had an isotopic
value of+20.9%o. Calingiri farm dam (site GSWA145114), 0.15km northeast ofthe
1 R

Behanging North road intersection, had granite as the parent rock. The 8 O value of
AW4 is +18.2%o. Between Calingiri and Yerecoin (3km south of Yerecoin) is a fresh
rail cutting, where sample AW5 (referenced as GSWA 145122) was taken. The
kaolinite sample had granite as the parent rock. The isotopic value is +20.4%o. The
samples all point to a post-mid Tertiary kaolinite age, as depicted in Figure 8.
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Figure 8: Oxygen-isotope values of kaolinite from mine pits,
farm dams and cuttings in the Yilgarn, W A .

Sample A W 7 is from just west of the Koorda-Mollerin and Mollerin Rock roads

junction. This is indurated kaolinised material, which is probably silicified. It came
from an exposure at a gravel scraping. The isotopic composition is +20.0%o.
Located 7km north of Dalwallinu, along the Great Eastern Highway, sample
AW8 was taken on a road exposure. The kaolinite sample, AW8 (with some portions
being hard and probably silicified) was overlain by a mottled zone. The 8180 value is
+20.0%o.
Sample AW9 came from Perenjori (17km northeast of Perenjori) in a farm
dam. This was 1.4km from the intersection, 6km along the Keogh road. The parent
rock was granite, as with all the three samples from Perengary station. The oxygenisotope value is +19.3%o. Another of the Perengary samples was AW10, 15km
northeast of Perenjori. The isotopic value is +19.8%o.
Near Mullewa (2.4km north), at Wooderarung gully was a bleached stream
channel cutting, with granite as the parent rock. The sample, AW 12 has an isotopic
value of+21.3%o.
From a gas pipeline trench, 11.5km east of Pindar, along the Geraldton-Mount
Magnet road, yielded sample AW13. The parent rock was granite, and the blocks of
weathered sample were silicified in most places. The isotopic value is +20.1%o.
Sample AW 14 came from another gas pipeline trench at Wurarga, on the
Geraldton-Mount Magnet road. The kaolinite was from partially weathered, coarsegrained granite. The isotopic value is +21.4%o.
Sample AW31 is kaolinite from a drill core bearing local coordinates
7038852N and 638168S, 57m deep. The core samples were spread out 22.5km south
1 R

of Meekatharra on either side of the Great Northern highway. The 8 O value is
+13.2%o.
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A W 3 3 kaolinite came from a farm dam, north of Kalannie, and has 8 O value
of +19.6%o. AW34 was part of a degraded breakaway at Bencubbin, its isotopic

composition is +19.8, but it is considered later in the section dealing exclusively
breakaways. AW35 was another farm dam 34km from Kellerberrin, and whose 5180
1 R

value was +19.7%o. A W 3 6 was 4 3 k m from Kellerberrin, a farm d a m with the 8 O
value being +20.0%o. All three samples would belong to the post-mid Tertiary
weathering phase.
Sample AW38 is from the Murray kaolinite deposits (Abeysinghe and

Fetherston, 1999) which are sedimentary. The area was initially a valley, and was i
filled by both the sediments and transported kaolinite. The site is 10km southwest
Mount Kokeby. The 8180 value is +19.3%o. AW39 is another sample of transported
kaolinite, 18.5km southwest of Mount Kokeby. Its 8180 value is +18.4%o.
From a farm dam at Jubuk, 20km west of Corrigin was a quartz-rich kaolinite
sample, AW41. Its 8180 value is +19.7%o. The Ling open pit - a former kaolinite
mining pit, southwest of Corrigin, had 8180 values of+19.6 for the top section and
+18.8%o for the bottom sample.
A farm dam near Wickepin, south of Ulleling hill whose kaolinite was
referenced as GSWA140389 yielded sample AW43 and has a S180 value of+20.1%o.
The Wagin Council dam, 2.7km from the post office had a prominent bleached
appearance. The kaolinite originated from granite weathering. Two samples taken
were AW49, which was hardened blocks of clay on the dam wall, and AW49B - soft
clay still on the dam wall. The 8180 values were +21.1 for AW49 and +18.5 for
AW49B (Plate 15). The samples were obtained with the objective of investigating
whether hardened clay blocks gave the same isotopic values. The hardened blocks in

some other places visited appeared silicified. It was only at Wagin where both type
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of kaolinite could be found. The 8 0 for both clays belong to the same weathering
phase of post-mid Tertiary age, even though the softer clay was more depleted
isotopically.
Quartz-rich kaolinite, from granite weathering, was obtained from a farm dam
1R •

11km south of Katanning on the west of the road. The 8 O value for A W 5 0 is
+20.8%o. AW51 was a quartz-rich kaolinite 10km west of Tambellup, from a farm
dam, and referenced as GSWA145107. The 8180 value is +20.8%o.
At Gnowangerup and Ongerup were collected kaolinites AW52 and 53
respectively, from farm dams. AW 52 has a 8180 value of+19.8%o, with AW53 being

+19.1%o. At Pingrup, from another farm dam, the kaolinite isotopic value is +19.0%o,
for sample AW54.
Sample AW55 is from weakly kaolinised granite 15.7km north of Lake Grace
1 Q

township. The exposure was formed by erosion at the base level ofthe lake. The 8

0

value is+19.8%o.
From a farm dam, referenced as GSWA140397 at Pingaring was sample
AW56. Another sample, near Pingaring, referenced as GSWA140396, was AW57.
Both samples resulted from granite weathering. The 8180 values are +21.1 for AW56
and+19.3%oforAW57.
Sample AW60 is a kaolinite sample from a drill hole 16km south of
Norseman, and had an isotopic value of +22.4%o. A drill hole, 35km north of
Kalgoorlie yielded an isotopic value of+16.7%o for sample AW63.
At the Beasley Creek mine, a kaolinite sample AW67, on a sedimentary parent
rock, was analysed and yielded a 8180 value of +20.3%o. The mine is northwest of
Laverton, and 1 Okm from Windarra.
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A road cutting 25.3km west of Kalgoorlie, and another 2 7 k m from the city

(still to the west) were labelled as AW75 and 76, respectively. AW75 kaolinite came
from weathered granite, and was quartz-rich. AW76 originated from a dyke 27km
west of Kalgoorlie. The granite was well weathered with the surrounding sediments
less weathered. The sediments were vertically dipping. The 8180 compositions were
+19.2 for AW75 and +18.7%o for AW76.
Sample AW78 was a quartz-rich kaolinite from a road exposure 21km east of
Southern Cross. AW79 was sampled 83km east of Southern Cross from a farm dam,
and was also quartz-rich. The 8180 values were +18.0%o for AW78 and +19.0%o for
AW79. The indicated weathering phase is post-mid Tertiary for both samples.

6.4 Breakaways in the Yilgarn Block
The breakaways, as relict features, may hold the key to the formation of older

landscapes. The isotopic approach would enable the determination of their formation

conditions, as well as give a bearing on their ages. Within the Yilgarn, many areas
with breakaways were sampled. The sampled material was kaolinitic and was later
purified by mineral separation.
The breakaway from which sample AW 15 was collected is 45km southeast of
Yalgoo, and has a S180 value of+19.0%o. The breakaway was a small or subdued one,
near the turn-off into the Scuddles mine.
Samples AW 16 and 17 were taken from a much higher breakaway, that could
be seen from the Paynes Find -Yalgoo road. AW 16 was taken at the top section of
1 Q

breakaway, under the siliceous capping, with A W 1 7 near its expected base. The 8

0

values are +15.1 for AW 16 and +14.6%o for AW 17. The weathering age here would
belong to the late Mesozoic to early Tertiary times.
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Sample A W 1 8 derives from breakaway near Burnabinmah, southwest of
Kirkalocka. The 8180 value ofthe kaolinite is +20.5%o.
1 Q

The Goodingnow breakaway (AW20), 13km from Paynes Find, has a 8 O
value of +20.4%o. Another breakaway 36km from Paynes Find, at Pindabunna
(AW21) also has an isotopic value of+20.4%o.
1 Q

Red Bluff breakaway (AW22), on the Paynes Find-Sandstone road had a 8

0

value of +20.3%o. Nearer Sandstone, another breakaway (AW23) has kaolinite with a
8180 value of +18.9%o. Both breakaways would belong to the post-mid Tertiary
weathering age (Figure 9).
The breakaway near Youanmi, developed on granitic basement, hosts samples
AW24 and AW24A. Sample AW24 is smooth kaolinite from veins in the white
mantle, with AW24A coming from weakly pervasively kaolinised granite, from the
same level within the
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Figure 9: Oxygen-isotope values (8 18 0) of kaolinite samples from
breakaways, Yilgarn Craton.
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breakaway. The purpose of sampling both was to assess whether weathering times

vary from lines of porosity/permeability within a rock, ie does weathering initiate

along cracks and spread outwards, thus making kaolinite in the veins older than the
1 R

rest of the kaolinised mass. The 8 0 values for the kaolinites were +19.8 and
+18.2%o for AW24 and AW24A, respectively. The weathering phase for both is post1 R

mid Tertiary, although inasmuch as later weathering produces generally higher 8 O
values, the two samples display a possible, and appropriate order of development.
Around the Mount Magnet area several breakaways were sampled. AW25 was
1 Q

sampled 40km east ofthe town, and had a 8 O value of +18.4%o. A W 2 6 was taken
7km to the north of Mount Magnet, and had 8180 value of +18.5%o. The 8180

compositions are very close and may reflect one former post-mid Tertiary landscape.
Around the Cue area two breakaways: AW28 which was 49km NE of Cue,
| o

along Lakeside road, and A W 2 9 being 52km to the west of Cue. The 8 O values
were +17.9%o for AW28 and +17.9%o for AW29. The third breakaway, AW32 was
42km from Cue, along the Wondinong road, 4km east of Yarraquin. Its 8180 value
was+21.9%o.
Sample AW30B is kaolinite from a breakaway developed in foliated
greenstone. The subdued breakaways were 15km from the Glen towards Beebyn. The
8180 value is+18.2%o.
At Bencubbin water supply dam was a degraded breakaway, sampled as
AW34, and with a S180 value of+19.8%o. The lower end of a breakaway, exposed at a
1 R

road cutting 1.6km from M a w s o n and 25km from Quairading ( A W 3 7 B ) had a 8

0

value of +18.8%o. The breakaway 88km west of Corrigin which produced sample
AW40, was prominent in this area of the wheatbelt. The 8180 value for AW40 is
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+20.6%o. It appeared other breakaways in the area had been levelled to allow for
cropping. In this western section ofthe Yilgarn breakaways were quite limited.
The breakaway from which sample AW59 was collected is 130km north of
Hyden and 50.5km from the Norseman-Hyden-Southern Cross intersection. The 8180
value is+18.4%o.
A breakaway at a road cutting 16km south of Kalgoorlie, on the KambaldaKalgoorlie road, had a sedimentary rock as parent material. The 8180 composition
was +17.8%o for this, sample AW62.
Breakaways around Leonora area were sampled as AW64, AW64B and
AW74. Samples AW64 and AW64B are 48km south of Leonora, from a sedimentary
rock breakaway. AW64 kaolinite was the sheetwash from the breakaway, while
AW64B kaolinite was taken in place from the breakaway. The 8180 values are
+17.6%o for AW64 and +19.3%o for AW64B. The third breakaway (sample AW74) is
73km north of Leonora. This breakaway was on the same 500m contour as the
1 R

Chandlers and Bullshead breakaways, with granite as parent rock. The 8 O value is
+18.2%o.
Sample AW68 is from a breakaway 38km north-east of Laverton. This is

south of Giles breakaway (AW70), which is located 50km north-east of Laverton. The
1 R

parent rock for both breakaways is granite. The 8 O values are +20.1%o for A W 6 8
and +19.1%o for AW70. The weathering age for the breakaways, is thus post-mid
Tertiary.
The Bluff Point granitic breakaway, 71km north-west of Yeelirrie yielded
sample AW72. The 8180 value was +15.4%o, consistent with late Mesozoic to early
Tertiary weathering age.
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For sample A W 7 7 , from a small granitic breakaway

120km west of

Coolgardie and 60km from Southern Cross, the 8180 value was +19.2 per mil.

6.5 Mine pits samples in the Yilgarn Block
Oxygen-isotope results from samples of kaolinite collected from open-pit
1 R

mines are presented here, but largely discussed in Chapter 8, where the 8

0

variations as a function of depth are considered. Several mine sites in the Yilgarn
were sampled, including Bronzewing (the Central and Discovery pits); Lawlers area
(HP, Turret and North pits); Murrin Murrin and in the Kalgoorlie area (Kanowna
Belle, West Lid, and the Consols - Mystery and Porphyry pits at Mt Percy.
Sample WA5, a kaolinite sample from the mid-section ofthe profile at Murrin
Murrin, had a S180 value of +17.9%o. Palaeomagnetic samples were taken here by
Brad Pillans, and are discussed in Chapter 9, where a comparison between the
oxygen-isotope dating and palaeomagnetism is assessed.
The Lawlers North pit had two samples, WA11 and WA13. Sample WA11
was from a mottle lm above the water table, and WA13 from an in-situ mottle in the
mid-section ofthe profile, under the transported laterite layer. The isotopic values
both samples is +18.9%o.
At Lawlers HP pit, samples WA33, WA34 and WA35 were assessed. WA33
is from a pod of kaolinite within a ferruginous zone, and had an isotopic value of
+18.7%o. WA34 was on the same level as WA33, but on the southern side as opposed
to WA33 on the northern side. WA34's 8180 value is +16.2%o. WA35 is kaolinite
collected 10m below WA33 and 34, and has an isotopic value of+20.4%o.
Five samples from the Central pit at Bronzewing, produced kaolinites with
8180 values that generally decrease with increasing depth. From 36m depth, WA54
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and W A 5 5 , located on opposite sides of the pit, have S 1 8 0 values of +19.4 and
+19.3%o, respectively. At 45m depth, WA52 has a 8I80 value of+18.2%o. Sample
AW50, at 54m depth has a 8180 value of+18.1 %o, and the deepest sample (at 60m)
WA47 has a S180 value of+16.6%o.
The Bronzewing Discovery pit had just one viable sample, WA66, which has
an isotopic value of+14.5%o and from a depth of about 15m.
At Mt Percy near Kalgoorlie, the Mystery and Porphyry pits were sampled,
yielding (WA81 and WA82). Sample WA81 was taken 12m below the surface, with
the kaolinite having originated from the weathering of basalt. The isotopic
composition ofthe sample is +17.1%o. WA82 was on the same level as WA81, but on
the opposite side ofthe pit, and had an isotopic value of+15.9%o.

6.6 Discussion and Conclusions
6.6.1 The mine pits and the oxygen isotope age of weathering
For the Bronzewing pits, samples WA54 and 55 had isotopic values that are

closely matched, +19.4 and +19.3%o, respectively. These were taken at the same dept
but from different portions of the pit. This would possibly indicate that samples

not be taken from both sections of the pit for dating. Both samples indicated a pos
mid Tertiary age. WA50 was 10m below WA52, with the isotopic compositions being
+18.1 and +18.2%o, respectively. Sample WA47, at a depth of 60m had the lowest
1 R

8 O value of+16.6%o. This would correlate with the late Mesozoic to early Tertiary
weathering age. The Lawlers HP pit sample, WA34 indicates a similar age, with an
isotopic value of +16.2%o. Thus regolith of late Mesozoic to early Tertiary is
demonstrated in the Yilgarn Block, from these deep profiles that have not been
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overprinted or truncated by later surficial processes. The Murrin Murrin clay sample,
WA5, is near the boundary ofthe pre-mid Tertiary and the post-mid Tertiary, with an
isotopic value of+17.9%o.
The samples from Mt Percy's Mystery and Porphyry pits, WA81 and WA82,
also yielded isotopic compositions that are consistent with late Mesozoic to early
Tertiary weathering. The samples came from the same depth of 12m below the
surface, and yielded isotopic compositions that indicate the same weathering ages. An
earlier palaeomagnetic sample by Brad Pillans, had also indicated a Mesozoic
(Jurassic) age (see Chapter 3). The agreement between the oxygen-isotope date and
those derived by palaeomagnetism demonstrates the validity of the date for the
profile.
Most of the samples stated above, except for Murrin Murrin (WA5),
developed during the late Mesozoic to early Tertiary. This regolith age can be traced
from the Leinster region, down to Kalgoorlie in the Yilgarn. Sample WA66 is from
the Bronzewing Discovery pit, and has an isotopic value of +14.5%o, also indicating a
pre-late Mesozoic age of weathering. This is the first time, using oxygen-isotope
dating, that a profile of pre-late Mesozoic has been demonstrated, in Western
Australia.
The rest of the mine samples have isotopic values ranging from +18.1 to
+19.4%o. All these samples would indicate the post-mid Tertiary weathering age
(Figure 10). The Yilgarn regolith is thus mostly mantled by material of this age
further reinforced by the 8180 values from breakaways, farm dams and road cuts. The
ages found here coincide with those initial dates of Bird and Chivas (1993), for
samples at Coolgardie and Collie region,
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Figure 10: Post-mid Tertiary weathering ages across the
Yilgarn Craton
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which had isotopic values of+18.9%o. These dates were in agreement with those of
Schmidt and Embleton's (1976) palaeomagnetic evidence for the lateritisation in the
Perth Basin. Bird et al. from their analysis of alunite, found K-Ar dates of 4.87+/0.06Ma for samples from Kanowna. Even though I collected samples for isotopic
analysis from Kanowna Belle mine, they were too impure in their kaolinite fraction
and therefore unsuitable for oxygen-isotope analysis.
Manganese occurrences studied by Dammer et al, (1999), provided K-Ar and
Ar/Ar dates with a spread of ages across the Yilgarn Block. At Mundijong, near Perth,
a near zero age of 1.4+/-1.4Ma was found. This demonstrated the continuity of
weathering in the humid, southwestern coastal areas of Western Australia (Dammer et
al, 1999). The Ravensthorpe region had older samples, with ages between 5.5 and
24Ma - thus recording remnants of older weathering. Ravensthorpe has similar
climatic conditions as Mundijong.
The central part of the Yilgarn has K-Mn oxides ages older than in the
southern and southwestern coastal regions. Dammer et al. (1999) attributed this to

either to the onset of aridity for the Eastern gold fields region, hindering the formati
of K-Mn oxides in the regolith here, or it may indicate differences in climate. The
interior and the coastal regions have a contrast in amount of precipitation, the former
having rainfall of about 250-300mm/annum, and this is believed to have been so since
the late Miocene. "The fact that late Miocene weathering occurred amid increasing
aridity in Australia could be a reason for the scarcity of young K-Mn oxides in the
interior of Western Australia" (Dammer et al, 1999: 105). This cessation of K-Mn
precipitation is believed to have occurred by end of Miocene, evidence coming from
Groote Eylandt in Northern Territory and from samples from Western Australia
(Dammer et al, 1999).

Ill

There was an apparent lack of pre-Tertiary weathering-related K - M n oxides in
Western Australia. This finding was surprising, when old profiles (late Cretaceous)
had been documented in Brazil. High erosion and re-dissolution may have had a
bearing on the preservation of such older mantles. The ages from the K-Mn oxides,
from Dammer et al. (1999) had dates ranging from 52 to OMa, from samples in
northern and western Australia. The age of weathering is thus Tertiary. Comparisons
with other studies, applying the same technique, indicate possible global alteration
these oxides. This weathering-related alteration of K-Mn oxides was through a
process that was episodic as opposed to continuous. The oxygen-isotope dating of

regolith, especially where the depth dimension is investigated, has shown variation i
isotopic compositions, hence ages, in some profiles. This may either mean different
formations times, or demonstrate the episodic nature of weathering.
Thus the mine sites have given three ages of weathering: the pre-late Mesozoic
at the Bronzewing Discovery pit; the late Cretaceous to early Tertiary; and the
majority of the samples falling in the post-mid Tertiary bracket. Further sampling
should reveal more about the weathering ages ofthe Yilgarn regolith at depth.

6.6.2 Farm dams and road-cuttings in the Yilgarn
The dams and road cuttings sampled had isotopic compositions that are very
consistent. The ages of regolith weathering point to the post-mid Tertiary phase,
except for four samples. These samples are AW63, AW60, AW39 and AW31.
Two of these are from drillholes (AW31 and AW63), while AW39 is kaolinite
of transported origin. AW60 (16km north of Norseman) has an isotopic value of
+22.4%o, indicating formation in evaporative conditions. This sample will not be
discussed further.
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A W 3 9 is transported kaolinite, 18.5km southwest of Mount Kokeby. There is
repeated mention ofthe composite nature ofthe Yilgarn landscape e.g. (Oilier et al,
1988); Clarke, 1994b, 2001; and Taylor and McNally, 2001). The palaeochannel
system would have eroded and deposited material across the landscape. This
'missing' landscape signal can of course be dated with the oxygen-isotope technique.
The re-deposited kaolinite deposits would still retain the signal reflecting its
formation conditions. The isotopic value of AW39 is +16.4%o and is consistent with
late Mesozoic to early Tertiary age of weathering. This is the only sample from
transported kaolinite with such an age. AW38 belonged to the Murray sedimentary
deposits, taken from a farm dam, 10km southwest of Mt Kokeby, but it gave post-mid
Tertiary weathering age, with its isotopic composition of+19.3 %o. The identification
ofthe palaeochannel material or kaolinites belonging to the 'older' weathering could
be achieved through more detailed geological mapping. The resulting, targeted
sampling for oxygen-isotope analysis and other techniques would help in dating the
landscape.
Samples AW31 and AW63 are from drillholes, thus may be more related to
samples discussed in Section 6.6.1 - those obtained from depth. AW31, at 57m depth
from drillcore material 22.5km south of Meekatharra had an isotopic value of
+13.2%o. This isotopic composition relates to the pre-late Mesozoic weathering age.
This is one ofthe oldest samples to have been dated by the oxygen-isotope technique
in the Yilgarn Craton.
About 35km north of Kalgoorlie is another sampled drillhole, whose kaolinite
has an isotopic value of +16.7%o. The age of weathering here, is therefore late
Mesozoic to early Tertiary. It would appear from the last three samples, AW39,
AW63 and AW31 that, regolith of old age exists in the Yilgarn.
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6.6.3 Breakaways in the Yilgarn Block
The breakaways occur predominantly in the northern section of the Yilgarn
Craton. Their persistence may be due to a less erosive regime, due to pronounced
aridity in the continental interior. Whether the breakaways, largely seen as remnants,
would indicate much older weathering ages than the low-lying southern Yilgarn,
remains an interesting prospect. The mode of genesis of breakaways is tied with the

general landscape development in the Yilgarn. It is a system that involves ferricretes,
erosion due to river incision and the general models of landscape evolution.
Butt (1981) observed that deep lateritic weathering reached its peak in the
Cretaceous-Eocene, with aridity initiated in the Miocene. The drier climates, some
uplift and the slope instability initiated profile truncation via pedimentation and
headward stream erosion, and the processes continues to this day (Butt, 1981). The
arid areas of low relief have a scarp retreat process creating pediments, with the
resulting debris removed by sheetwash. The subsequent landforms are "...flat upper
surfaces, which may relate to the formational weathering surface, an escarpment and
debris slope (the "breakaway") and a gently sloping pediment with erosional and
depositional elements" (Butt, 1981: 370). The age ofthe breakaway would thus relate
to the weathering surface, equal in age. In Western Australia, the Old Plateau of
Jutson (1914), would thus relate to ages ofthe breakaways. It would therefore seem
appropriate to expect breakaways that are equal in age to the old plateau.
Oilier et al. (1988) assessed the weathering features, noting the deep
weathering, and its relationship to the breakaways - equating to the assessment of the
Walther profile. The ferricretes, which occur as cappings for most breakaways, have,
in some cases been related to the Old Plateau; however, Oilier et al. (1988) observed
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the ferricretes were present on m a n y lower surfaces too. " H o n m a n (1917) and Jutson
(1934, p.191) also recorded 'several levels of breakaways'. The multiple ferricrete
layers were seen as indicating different surfaces. The ferricretes may develop in
several ways, however, including unconformities. This would then challenge the
assumption that breakaways belong exclusively to the Old Plateau, but that
breakaways of different ages are to be expected. Oilier et al. (1988: 316) noted that
for a recurring landscape catena that was saw-toothed, "...breakaways are not
necessarily the edges of plateaus, and they do not correlate into a single planation
surface or peneplain." The landscape is necessarily a process of repeated incision,
alluviation, weathering-profile formation and the duricrusts which may appear as
remnants of former plateaux.
The ages of the breakaways based on the oxygen-isotope values follows. The
isotopic values for most samples indicate ages relating weathering to the post-mid
Tertiary time. This age range was also demonstrated for the majority of samples from
the low-lying southern Yilgarn. However, three sets of breakaways point to much
older weathering profiles. The expected weathering surfaces in the northern Yilgarn
Craton could not be related to a single weathering phase, based on isotopic
compositions.
The broad post-mid Tertiary weathering age for most breakaways in this
northern Yilgarn section is common. However, some location comparisons warrant
mention. This is especially so, since Chivas (1983) proposed that from a detailed
isotopic coverage in an area, a resulting isotopic map could be a climatic map. With
enough detailed sampling, this could be implemented. There are several individual
broad zones, within which the 8 0 values appear relatively homogenous.
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The breakaway at Burnabinmah, 13km from Paynes Find - Goodingnow road
(AW18, 8180 = +20.5%o), at Goodingnow (13km from Paynes Find) for sample
AW20 (S180 = +20.4%o); and AW21 (8180 = +20.3%o) at Pindabunna and AW22
from Red Bluff breakaways (8180 = +20.3%o) have very similar isotopic values, well
within the isotopic analysis uncertainty of+/-0.3%o.
Mount Magnet, with samples 40km to the east (AW25) and 7km to the north
(AW26) ofthe town, had isotopic values of+18.4 and +18.5%o, respectively. Around
the town of Cue, AW28 near Lakeside (49km away) and AW29, 52km to the west,
both had isotopic values of+17.9%o.
The three examples above may imply that the hypothesis of a common
weathering surface in the individual regional localities is valid. This then would
imply, with more detailed isotopic mapping, whole palaeosurfaces could be
reconstructed. The examples in Section 6.6.1 where samples from either side ofthe

mine pits at the same depth, yielded the same isotopic composition, support the sam
age hypothesis.
If the hypothesis proposed is correct, then breakaways like Giles and
Bullshead, which occupy the same contour level, can be expected to have the same
isotopic values, hence ages of weathering. Giles breakaway was sampled, and had an
isotopic composition of +19.1%o, another post-mid Tertiary weathering age. The

same-age proposal might be applicable in areas that are not greatly separated later
Other factors like neotectonics, atmospheric CO2 levels at the time of regolith
formation, however, may complicate such generalisations.
The samples from breakaways that indicate weathering ages other than postmid Tertiary, are AW72, AW16 and AW17. Sample AW72, from the Bluff Point
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breakaway is 7 1 k m northwest of Yeelirrie. It has an isotopic value of +15.4%o,
indicative of late Mesozoic to early Tertiary weathering age.
Samples AW 16 and AW 17 came from the same breakaway, near the Scuddles
mine, south of Yalgoo. Sample AW 16 is from the top section ofthe profile, just under
the siliceous capping, and AW 17, from the bottom of the same breakaway. The
isotopic compositions for these samples indicate old ages. The average isotopic value
for AW16 is +15.1%o, just on the boundary of the late Cretaceous and pre-late
Mesozoic age fields. AW 17, from the bottom ofthe profile had an average isotopic
composition of+14.6%o, a value more clearly in the pre-late Mesozoic field. These
two samples have thus demonstrated the existence of very old weathering in the
Yilgarn Craton. This is the first time such old ages have been established using the
oxygen-isotope dating technique in the Yilgarn Craton. In Section 6.6.1, sample
WA66 (Bronzewing Discovery pit) has the same pre-late Mesozoic weathering age
with an isotopic value of+14.5%o. Samples at Mt Percy near Kalgoorlie (WA81 and
WA82); at Lawlers HP pit (WA34) and WA47 at Bronzewing (60m depth) also
indicated old ages of late Mesozoic to early Tertiary.
The dating of breakaways using this oxygen-isotope technique points to the
existence of several ages for these landforms. The several levels of breakaways and
hence different weathering ages appears to have some semblance of truth. However,
that there may not be an Old Plateau and no New Plateau, needs further investigation.
The difficulty with relying on altimetry alone is that the enhanced CO2 levels, as
suggested in some studies (Thiry, 2000; Chivas and Bird, 1994), have enhanced
weathering rates in the past. This would complicate the ages as profiles of varying
depths would have ages dependent on the levels of atmospheric C02 at their time of
formation.
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A s a summary of the ages of weathering in the Yilgarn Craton, it can be
observed that the post-mid Tertiary is the most abundant. This may mean the
weathering was most widespread then, or that other weathering imprints have been
progressively obliterated. In addition, there has been a suggestion the Western
Australia portion acted as a pivot as the continent experienced its latitudinal

migration, thereby not being subject to the same climatic contrasts experienced in t

Eastern Highlands. With the different ages indicated at different depths and sites i

the Yilgarn, it may be difficult to assess the foregoing. Transported kaolinite, near
Kokeby has shown weathering of late Mesozoic to early Tertiary age.
There have been few samples of demonstrably old age. The other aspect may
relate to the depth of the sample. In a few cases, like at Bronzewing and near

Meekatharra (drillcore), some of the samples at depth yielded old ages. It remains an

open invitation to investigate regolith ages along this line. After all, numerous st
point to the broad depth of weathering in the Yilgarn, these studies may just have
been 'scraping the surface', as it were.
Table 11: The weathering age spread in Yilgarn Craton, as deduced by oxygen
isotope dating.
M i n e Pits

Farm

d a m s and

road-

Breakaways

cuttings
Most samples are of post-

Most samples are of post-

Most samples are of post-

mid Tertiary age

mid Tertiary age

mid Tertiary age

The oldest sample of pre-

The oldest sample of late The oldest sample of pre-

late Mesozoic

Mesozoic to early Tertiary

late Mesozoic.
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CHAPTER 7
ISOTOPIC STUDY OF T H E AFRICAN SURFACE (SOUTH AFRICA)

7.1 Overview of the study area
Southern Africa is an area of old landscapes (King, 1963, 1976; Thomas and
Shaw, 1991; Marker and Holmes, 1999; Partridge and Maud, 1987, 2000). After

continental rifting, the interior was largely eroded, with resultant vast plains and som
remnant massifs. However, the Great Escarpment survived, as the sole testament to
the continental rifting, and was later mantled with duricrusts.
The margins of the southern Africa subcontinent, along the west
(Namaqualand) and the east (Natal) are highlands, derived from the Gondwanaland
rifting. These fault-controlled highlands were subjected to geomorphic processes and
tectonics across geological times, with deep weathering and subsequent erosion
believed to have occurred during the Cretaceous. The climate during the Cretaceous
was humid, and probably tropical.
According to Partridge and Maud (2000), Cretaceous erosion removed up to
3km of regolith, depositing it onto the continental shelf. The scarred interior
transformed into wide undulating surfaces with some remnant massifs. The end of the
Cretaceous saw a climatic regime tending towards aridity, with consequent duricrust
formations, that covered the landscape. The Cretaceous weathering phase, in Australia
seems to have been similar to that of southern Africa.
Partridge and Maud (2000) stated that the Cenozoic was a time of gradual
fragmentation ofthe 'African' surface due to erosion induced by ephemeral streams.
This erosive phase was of less intensity compared with that of Cretaceous times. The
Cenozoic was a time of increasing aridity, but was occasionally punctuated with
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occurrences of humidity, that fed the scouring stream system. Neotectonics raised the
eastern side ofthe subcontinent by up to 1km, inducing deep localised erosion. The
coupled effects of neotectonics and changing climate, then, largely influenced the
landscape evolution.
A new phase in climatic regime was experienced following the uplift.
Partridge and Maud (2000 -preface) stated that "the rise ofthe east and the cooling of
the western coast, although not strictly concurrent, together produced the east-west
climatic gradient that has remained a prominent feature of the subcontinent to this
day." The Kalahari (Kgalagadi) and Namib deserts are inland basins that were infilled from terrestrial deposits (along major rivers) -during the phase of changing
climate in the Cainozoic.
In summary, the evolution of southern Africa, Partridge and Maud (2000: 3)

"...may be viewed as a series of accretionary events following the stabilisation ofthe
Kaapvaal Craton (which forms the structural basement of the subcontinent) around
2600Ma." In Table 12 are depicted various stages ofthe geological evolution.
The evolution of southern Africa - the processes of landform development,
mainly the scarp retreat earlier proposed by King (1963) has undergone several
challenges. The work of Partridge and Maud (1987) led to a new interpretation ofthe
evolution of the sub-region since the Mesozoic. This new geomorphic chronology,

especially the origin of the Great Escarpment and the implications of its Tertiary age
have been queried by Burke (1996), after Marker and Holmes (1999). The African

erosion surfaces- their evolution, development and ages, continues to be controversial,
according to Marker and Holmes (1999). Twidale (1998) observed that the model
proposed by King remained largely applicable despite the re-appraisals.

Table

12: The accretionary evolution of southern Africa. The geological/

geomorphological events encompass pre- and post-Gondwana (Partridge and Maud,
2000).
Geological Formation/Time

Chronology of events

Kaapvaal Craton (the structural basement -Accretion initiated around 2600Ma.
ofthe subcontinent)

-Crustal movements: compression and
extension, between 2000 and 1000 M a
produced the Namaqua-Natal highlands
with Kalahari Craton around 1000 M a .

Pan-African Tectonic Cycle (Phanerozoic

-Created n e w orogenic belts of'basin and

to Neogene)

swell' structure unique to Africa, and
lasted about 600 M a .

Cape Supergroup (early Palaeozoic, to

-Passive margin initiated on southern

end of Permian)

edge of Kalahari Craton- sediment source
for Cape Supergroup.
-End of Permian: northward migration of
shorelines, n e w active margin led to Cape
Fold Mountains.

Karoo Basin (between Kalahari Craton -Extended from Africa into adjoining
and Cape Mountains)

parts of Gondwanaland. Karoo sediments
up to 700m.
-183 M a , onset of Karoo volcanism, and
rifting of southern continents and India.

Several field sites were sampled in South Africa in 2001, by Prof Allan Chivas
accompanied by Profs Tim Partridge and Rodney Maud. The areas cover a coastal
route from Cape Town to Durban, and some inland places near and north of
Johannesburg. Most of the samples are from the profiles associated with King's
remnant or erosional surfaces in Africa. These palaeo-landscapes would help
elucidate the conditions of clay formation during weathering.
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Southern Africa is believed to have m o v e d about 14 degrees north throughout
the geological time, when India and Australia sub-continents moved in different
paths, albeit more complicated routes. A comparison of isotopic values between
southern Africa and eastern/western Australia would make an interesting geological
investigation. The Yilgarn Block, in Western Australia acted as a pivot (not much
variation in climatic shifts) throughout the movement of the Australian continent,
hence might have similar bearing to southern Africa. The eastern section of Australia
underwent uplift and climatic shifts. Thus a comparison in isotopic values, within
Australia, and between the continents Australia and Africa remains crucial. It would
be the first time an isotopic comparison between the continents was carried out.
In South Africa, the various remnant surfaces can be expected to have
experienced climatic changes only in relation to climatic belts. The climatic belts
could have expanded, or shrunk in time. This would be reflected in isotopic values,
where cooler or warmer conditions would be reflected. The cycles of erosion, as
suggested by King (1942, 1976), could also be accurately depicted - whether they
occurred during wetter and warmer conditions or under monsoonal climate.

7.2 Some stable isotope findings-earlier work
Isotopic studies of mineral phases in southern Africa, include those by Harris
and Erland (1992), Faure et al, (1995), Harris et al, (1997) and Harris et al, (1999).
The research included determination of low-8180 rhyolites formed during the rifting
of Antarctica and Africa; and the Permian Waterberg coalfield and the influence of
meteoric water on its genesis.
Isotopic research (Harris et al, 1999), using the stable isotopes of oxygen and
hydrogen in the Cape Peninsula in South Africa has demonstrated that the kaolinite is
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of low-temperature origin. The kaolinite formed from in-situ alteration of granite. The
Peninsula Granite intruded the late Precambrian Malmsbury Group around 540Ma.
Above this granite is an unconformity, of fluvial and marine sandstones of the
Ordovician Table Mountain Group, which are indicative of an erosion period during
late Precambrian to early Ordovician. Most of the kaolinite is very close to the
unconformity. Between 278 and 23OMa, four Cape fold belts were active due to
deformation during the Cape orogeny. The deformation resulted in folds, faults and
fractures. Low-grade metamorphism of the Table Mountain Group sandstone also
occurred during the Cape orogeny (Harris et al, 1999).
The kaolinite isotopic values showed no systematic variation from the surface
to the bottom of a 30m deep profile at the Noordhoek mine. Three possible
mechanisms for kaolinite formation were postulated, namely "(1) hydrothermal
activity at the time of emplacement of the granite pluton (e.g. Murray, 1988); (2)
focussing of metamorphic fluids at the Peninsula Granite-Table Mountain Group
contact during the Cape orogeny (~250Ma); and (3) low-temperature (near-surface)
weathering," (Harris etal, 1999: 1358).
1 o ,

Hydrothermal activity was discounted, as the 8 O values of magmatic to
meteoric hydrothermal fluids were too low to be in equilibrium with kaolinite at
350°C. The second scenario, that involved metamorphic fluids during Cape orogeny,
also seemed unlikely as it was some feldspars that had evidence of having interacted
with the fluids, but had no association with the kaolinite deposits. Low-temperature
weathering was accepted, and the kaolinite-rich samples estimated to have formed
between 20 and 35°C, calculated from local meteoric water.
The measured intracrystalline fractionation factor of 1.0282 was further
support for low-temperature origin. Intracrystalline oxygen fractionation arose from
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the fact that kaolinite contains both hydroxyi and non-hydroxyl oxygen, and these
bear different isotopic compositions. Fractionation of oxygen isotopes between these
is termed intracrystalline/internal fractionation. Girard and Savin (1996) indicated
that, under equilibrium, the internal fractionation would depend on temperature and
be independent ofthe fluid isotopic composition.
The 8D values of different size fractions of the kaolinite were nearly identical
(-60 to -50%o for >2um and -59 to -50%o for <38um), "which suggested that the large
kaolinite grains and the finer grained massive material formed from fluid of similar
isotopic composition. The uniform 8D values suggest that there was only one
generation of kaolinite formation" (Harris et al, 1999:1361). The 8180 values for
>2um were +18.0 to 20.2%o and +20.2 to 21.9%o for <38um.
Kaolinite isotopic composition is dependent on temperature, however it was
noted that for seasonal rainfall, the isotopic composition of the fluid could be
controlled by mean annual temperature of precipitation instead of the mean annual
temperature. Under continental conditions, the isotopic ratios of rainfall would be
lower.
The conditions of kaolinite formation at Noordhoek were those of
cooler/wetter (not tropical), and the absence of gibbsite is further testimony to nontropical conditions. Intense weathering in tropical conditions scavenges silicates and
favours gibbsite formation (Murray, 1988) after Harris et al. (1999). A post-Permian
origin for the Cape Peninsula kaolinite was indicated, with Harris et al. (1999)
favouring formation during the Quaternary. From their study of lateritisation on
limestones on Wankoe formation in southern Cape, Marker and Holmes (1999), put
the age of laterite formation at mid-Tertiary to early Pleistocene. Marker and Holmes
further noted that there were extensive remnants of the African surface (late
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Cretaceous to early Tertiary weathering phase) in the Cape area. The duricrusts that
developed as a capping subsequent to the planation- ferricrete or silcrete, have helped
preserve the deeply weathered profiles - the remnants.
As indicated above, Harris et al. (1999) estimated the Cape Peninsula
kaolinites formed during the Quaternary. This age estimate may not be in keeping
with Marker and Holmes (1999:2) observation that the Tertiary surface "...is

characterised by deeply weathered profiles with either ferricrete (laterite) or silcrete
duricrusts which have helped to preserve the remnants." This thesis study, based on
the oxygen-isotope values from several sites, both within the Cape region and other
parts of South Africa, reconsiders the earlier oxygen-isotope data from the Cape
kaolinites. The emphasis is on the ages ofthe weathering profiles examined.

7.3 Geological setting, results and analysis
Sample ZA4 came from Kleinmond, 40m above sea level, a deep weathering
profile of the Bokkeveld Group shale (Devonian), which lay above Table Mountain
sandstone. The sample was taken at the base. The 8180 value was +17.2%o for this
site.
1 R

At the top of the above cutting was sample Z A 5 with a similar 8

O

composition of +17.1 %o. There is no significant difference in isotopic value between
the lower and upper clay samples, since the values are within the +/-0.3%o
uncertainty.
1 R

At Garcia's Pass, weathered Table Mountain Sandstone yielded a 8 O value
of+14.5%o for sample ZA9. At the top of this site was, sample ZA10, whose isotopic
value was +14.3%o. The values are much more depleted than for Kleinmond samples,
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and m a y indicate either older ages or more humid conditions of formation - although
the former is more likely from geological dating.
Ten kilometres south west of Uniondale sample ZA17, which belonged to the
Table Mountain Sandstone, had veins of poor quality kaolin. The 8180 value was
+14.6%o, which is in agreement with the Garcia's Pass weathered Table Mountain
Sandstone values. All samples that relate to Table Mountain sandstone have isotopic
compositions that fall around +14.5 per mil. A preliminary comparison with the
established oxygen-isotope dating of the Australian regolith, would equate the

weathering age with the late Mesozoic to early Tertiary, or pre-mid-Tertiary, althoug

I will later consider the palaeolatitude difference for the two continents. The close
in isotopic values for the Table Mountain Sandstone samples is quite striking.
Crous clay is a quarry 37km north-east of Grahamstown, on the north of the
highway. Crous clay is developed on Dwyka Tillite, with the sample (ZA18) being

from a kaolinised igneous clast in tillite. Sample ZA18 was taken from the top sectio
ofthe quarry, 10m above the quarry floor and has an isotopic value of+19.6%o.
1 Q

Sample Z A 2 0 is also from Crous clay, but from the quarry floor. The 8

O

value was +11.3%o, the most depleted value so far. A second re-run ofthe sample
gave a value of+11.9%o -thus the average value of+11.6%o was adopted.
Two kilometres northeast of Grahamstown, a kaolinised granite clast(ZA21) in
Dwyka Tillite has a 8180 value of +18.2%o, significantly different from ZA20 from
the Crous quarry floor.
From a road-cutting on the outskirts of Grahamstown, a clay sample from
further clasts (ZA22) has a S180 value of +18.1%o. Samples ZA21 and 22 had very
similar values.
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Sample Z A 3 0 is from the lower pallid zone of the D w y k a Tillite at
Grahamstown rubbish dump. The dump is 1km north ofthe town. The isotopic value
ofthe sample is +20.2%o.
At Cowies Hill, 15km west of Durban on kaolinised Natal Group Sandstone,
sample ZA31 was collected. About 25m below the crest of the hill is the distinct
planation of the African Surface. ZA31 was taken on a road cutting on the side of the
road, from originally more felspathic beds. The kaolinite had an isotopic value of
+16.6%o.
Sample ZA32 came from a railway cutting at Gillits, 25km north-west of
Durban. The sample was from a kaolinitic mottle within ferruginous clays developed
on the Natal Sandstone Group. The isotopic value for ZA32 is +22.5%o.
Sample ZA33 was taken at the N-3 Key Ridge on granite, 30km north-west of
Durban. The isotopic composition of ZA33 is +20.5%o.
Sample ZA34 came from Nordsberg, on a cutting at the edge of the road,
about 40km north-west of Durban. Nordsberg Plateau, is formed on a shale bed in
Natal Group Sandstone. The isotopic value ofthe kaolinite is +19.3%o.
At Zebediela brickworks pits, north of Johannesburg several samples were
collected. This was part of the 2.5Ga Pretoria Group quartzite over an interbedded
lava, or dolerite dyke within the quartzite. The igneous rock is deeply weathered.
A series of five samples over an 80m vertical profile, show the upper sample
(ZA35) has kaolinite with a 8180 value of+18.3%o, whereas the four deeper samples
(ZA38 to ZA41) to a depth of 80m, have 8180 values of+13.1 to +14.5%o.
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7.4 Discussion and Conclusions
The oxygen-isotope values for most of the profiles in southern Africa have
yielded contrasting results. These, it would appear, correlate to several weathering
ages. In establishing a rigorous isotopic geochronology, data on past climates and
1 R

estimates of the 8 O values of meteoric waters and groundwaters that formed such

weathering profiles, are necessary. The tectonics of a region are important, as uplift
may influence the isotopic composition of precipitation, as well as the continental
effect (for inland samples), and both are crucial parameters that need careful
assessment. As mentioned in Section 7.2, some comparisons between Australian and
southern African landscapes have been made, including using Australian oxygenisotope compositions to determine meteoric waters for some coal measures that
formed in the geological past- which proved valid (Faure et al, 1995).
The summary of principal geomorphic events in southern Africa, since the
Mesozoic (Partridge and Maud, 1987), are: the break-up of Gondwanaland in the late
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Jurassic to early Cretaceous; the polycyclic African erosion cycle in late Jurassic to
early Cretaceous, to end of Miocene; the Post-African I erosion cycle in the early
mid-Miocene to late Pliocene and the Post-African II cycle (up to 9 0 0 m uplift) which
occurred during the late Pliocene to Holocene. The African Erosion Surfaces are
depicted in Figure 11.
The isotopic compositions for some of the sample sites in southern Africa,
can, to initiate analysis, be related to some of the erosion surfaces, according to fieldwork evidence. This will be done to test the consistency of the isotopic compositions
to the specific erosion surfaces, to ascertain if certain erosion surfaces are typified by
their isotopic values.
1R

Firstly an estimate of the 8 O value of the Cretaceous African surface below
i o

the Great Escarpment, is provided by the kaolinite from Cowies Hill (8 0

=

+16.6%o).
Permian-age weathering in South Africa, will have produced weathering
kaolinite with values similar to those from Australia (i.e. + 6 to +10%o), or slightly
1R

heavier, based on the lower palaeolatitude of South Africa. The 8 O values of
carbonate

minerals

in

the

Permian

Waterberg

(Faure,

1995)

suggest

a

contemporaneous meteoric water with S 1 8 0 = -13%o. A surficial kaolinite formed in
equilibrium with such water would have a S 1 8 0 value of about +13%o.
Broadly considered, the expected 8 I 8 0 values for South African kaolinites
from Cretaceous to present (ignoring uplift factors) can be expected to trend from
+16.6%o (ie Cowies Hill) to about +21%o (the same as for near-modern Australian
samples, and for calculated modern South African samples, based on contemporary
8 1 8 0 values of rainfall).
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B y this reckoning, I can suggest ages for several of South African samples, as
follows:
1. The upper part ofthe weathering profile at Crous, is of probable late Tertiary age,
but the lower portion (kaolinite 8180 = +11.6%o) may be as old as Permian, or at least
pre-late Mesozoic.
2. The weathering in and around Durban (8180 ~ +19 - 22%o) is also of Tertiary or
younger age, similar to the weathering ofthe Cape granites (Harris et ah, 1999).
3.Less certainty must be ascribed to the kaolinite developed at Zebediela and on Table
Mountain Sandstone as their 8180 values could be controlled in part by their
elevation. We would need to know their palaeo-elevation, i.e. elevation at the time of
their formation, to deduce their age (or vice versa). However it seems unlikely that
these samples are as young as late Tertiary, nor as old as Permian.
These preliminary conclusions represent a cautious interpretation of data, that
will surely be expanded as more data for weathering surfaces in southern Africa
become available. The difficulty in this region, is the relative dearth of independent
stratigraphically-controlled weathering dates, other than maximum ages.
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CHAPTER 8
T H E T H I R D D I M E N S I O N : Isotopic variation as a function of profile depth

8.1 Significance of profile depth
The variation of isotopic compositions with depth, is the focus of this chapter.
The kaolinite samples, which were taken in localities that offered a significant depth
dimension, are discussed, with implications for weathering ages as a function of
depth.
Assessing isotopic values with depth seeks to explore whether weathering
down the profile progressed in phases, or was a single contemporaneous phenomenon.
For profiles that formed in stages, it is expected that isotopic compositions of the
assessed material should vary with depth. Essentially weathering is believed to be
I Q

oldest at the top. Thus a weathering age analysis should yield 8 O composition
consistent with profiles that are youngest at the bottom, i.e. near the fresh bedrock.
Bird and Chivas (1993) analysed samples from a drill core of sedimentary (i.e.
transported) clays from the Gippsland Basin of Victoria, and found contrasting
oxygen-isotope values down the core. The depth profile had isotopic values that
reflected geological weathering ages. Isotopic values of+12.3 and +14.1%o pertained
to the Eocene (depths of more than 500m) and a 8180 value of +15.1%o was for
kaolinite within Miocene strata down to 200m deep. This indicated the clays had been
derived originally from pre-late Mesozoic regolith profiles with a subsequently
increasing component of eroding post-late Mesozoic and Tertiary profiles. The prelate Mesozoic had the same isotopic composition as the basement (more than 600m
depth) and was of early Cretaceous age.

Thiry (2000) has proposed a weathering time of about I M a , as the m i n i m u m
time required to develop a weathering profile, even under high carbon dioxide
conditions. A time frame of less than IMa could mean the geological or climatic
imprint would not be reflected in the profile minerals.
The intra-profile analyses by Girrard et al (2000) showed that the regolith in
French Guiana was oldest at the top, and became young at the weathering front of the
saprolite. The other findings were that, using both hydrogen- and oxygen-isotopes
yielded better results; and that where multiple weathering fronts merged, the
individual kaolinite signals may be obliterated. The intra-profile approach utilised
variations in isotopic compositions of generations of the same mineral, to represent
different ages. Various climatic imprints were interpreted as being stored in the
different generations ofthe minerals.
Phillips (2001), while alluding to the complexity of weathering profiles,
observed that for a general vertical sequence, more weathered material is at the top,
with the bottom being less weathered. He however, noted that the pattern was quite
irregular; with some less weathered units punctuating the whole profile.
Palaeomagnetism of duricrusts by Theveniaut and Freyssinet (1999) showed
an age decrease from the top to the bottom, similar to the isotopic intra-profile
findings of Girard et al. (2000).
Weathering profiles, however, have been shown to be quite complex. The
profiles may reflect variability in the parent material or complicated feedback
processes within the weathering mantle. Destruction and formation of new regolith
are all intimately related to weathering profiles. The challenge may be how to
distinguish between the 'inherited' and 'created' parts of the weathering profile.
Phillips (2001:1 abstract) stated, "because regolith formation modifies or destroys the
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parent material, it is difficult to determine the extent to which variability in the
weathering profile is inherited, as opposed to created by the weathering process."

8.2 Geological setting, results and analysis
Several sample sites, some previously described in this thesis, some only now

introduced, are used to investigate the 8180 values of kaolinite as a function of pro
depth. The first set of samples is from Western Australia, followed by South Africa.
The Merredin railway cutting, located 15km east ofthe town, was sampled.
AW80 is at the bottom ofthe profile, AW81 in the mid-section and AW82 at the top
of the cutting. AW82 was buried 4m below the present land surface, with AW81
being 1.5m vertically below and a further 2m to AW80. The parent rock is granite.
From the top ofthe profile to the bottom, the 8180 values are +20.8 (AW82), +19.7
(AW81) and +20. l%o for AW80 (Figure 12).
At Ulleling Hill, a test pit for kaolinite mining (known as the Sparks deposit)
is located 26km from Wickepin town. This is part of the wheatbelt. The top of the
profile is composed of pisolitic gravel, up to 6m thick in places. The gravel is of
transported origin, but later weathering occurred in-situ, leading to development of
mottled zone. The kaolinite mass below this transported layer is from granite
weathering - the parent rock. The samples taken were AW45 to AW48, from the top
to the bottom.
Sample AW45 is from the base of the mottled zone, 4m below the surface.
AW46 is 3m below AW45, from parent-rock kaolinite. About 4m below is sample
AW47, below which is AW48, a further 3.5m below, and taken 50cm from the base
ofthe pit. The
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Figure 12: Depth-profile representation at
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5 1 8 0 values are +20.0%o ( A W 4 5 ) ; +19.2%o ( A W 4 6 ) ; +18.9%o ( A W 4 7 ) , and +18.3%o
forAW48 (Figure 13).
At the Flying Fox nickel mine, 80km northeast of Hyden, Western Australia
samples AW58 and 58B gave 5180 values of+20.5 and +19.9%o, respectively. Both
samples were from weathered granite, with AW58B from weakly kaolinised rock.
The (visually) weakly weathered rock yielded the same weathering age as the more
intensively weathered sample.
At the Ling open pit southwest of Corrigin, which was a former kaolinite
mine, samples AW42 and 42B were taken. The site is on high ground, relative to
1 R

surrounding areas. Sample A W 4 2 came from upper section of the kaolinite (8 0 =
+19.6%o), under the mottled zone. Sample AW42B was at the bottom ofthe profile,
7m vertically below and has a low 8180 value of+18.8%o.
The profiles of S180 values as a function of depth, from the Central Pit at the
Bronzewing mine, have already been noted in Section 6.5, and are plotted in Figure

12. These values show a decrease as a function of increasing depth, and imply an old
age of weathering (late Mesozoic) preserved at the base ofthe pit.
The South African samples at Crous and Zebediela also showed variation with
depth. A 10m vertical weathering sequence at the quarry at Crous, had contrasting

isotopic values of+11.6 and +19.6%o, for the upper and lower sections, respectively.

The isotopic values of kaolinite at Zebediela, were +18.3%o at 10m depth, +13.7%o a
30m, +15.4%o at 50m and +14.5%o at the bottom ofthe pit (Figure 14). The isotopic
values clearly demonstrate a change in meteoric waters during authigenic mineral
formation, and probably weathering ages.
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8.3 Discussion and Conclusions
In any weathering profile, Phillips (2001) has indicated the complexity that is
typical - whether the profile was inherited or created as the parent material is
subjected to weathering.
The study of weathering profiles may be quite complex, since diagenesis/recrystallisation may mean an exchange in the isotopic composition of the minerals
concerned, hence loss of the initial signature. Whether there is an established system

in place, that is readily applicable and reliably useful to earth scientists to establish t
weathering intricacies, is uncertain. Studies in weathering profiles would continue to
make some assumptions that would be corroborated or negated with introduction of
new techniques.
The results found in this study, point to two results. In some localities the
weathering age of the kaolinite varied with depth, oldest at the bottom. In other
profiles there was negligible variation in isotopic composition with depth.
The profiles with no significant isotopic variation with depth, hence no significant
weathering age differences, were found in both South Australia and Western
Australia. At the Clarendon road-cut, near Adelaide, where Eocene sediments overlie
Precambrian bedrock, the weathering age was post-mid-Tertiary (isotopic values from
+18.3 to +19.8%o) in both sediment and underlying bedrock. Whether the erosion that
deposited the Eocene sediments scoured any former kaolinised bedrock, exposing
fresh unweathered bedrock, is uncertain. This would tend to explain why distinctly
different geological formations would weather at the same time, unless the later
weathering had completely recrystallised any earlier kaolinite.
The isotopic variation with depth found in this study is opposite to the agesequence from the intra-profile analysis in French Guiana (Girard et al, 1999, 2000)

137

and from the K-Ar dates, in Amazonia (Vasconcelos et al., 1994b). The results in this
thesis show the oldest kaolinite ages in the Yilgarn to be at the bottom ofthe profile.
The South American intra-profile results are consistent with the hypothesis that
weathering initiated at the surface and progressed down the profile. Thus, a
weathering age-sequence that shows the oldest age at the top should not be surprising,
but rather, expected.
The important conclusions for the northern and perhaps eastern Yilgarn is that the
almost ubiquitous younger late Tertiary weathering, in places overlies remnants of
older (early Tertiary and late Mesozoic) weathering. Two mechanisms can be
suggested to account for this. Firstly, certainly in many localities (commonly clearly
visible in the many open-pit mines) there are younger (Eocene and younger) fluvial
and colluvial sediments that overlie weathered bedrock. Some, but not all of the
younger upper weathering mantles relate to these later weathered arkosic sediments.
A second and more telling conclusion, given that some upper younger weathering
profiles are developed directly on seemingly already weathered granite, is that
younger weathering, with a perched watertable must be capable of recrystallising
kaolinite and thereby isotopically exchanging oxygen isotopes.
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Figure 14: The 8 O values of kaolinite versus depth at Crous and
Zebediela, South Africa.

CHAPTER 9
PALAEOMAGNETISM VERSUS OXYGEN-ISOTOPE DATING
The comparison between oxygen-isotope dating and palaeomagnetism, for the
Australian regolith was initially investigated by Bird and Chivas (1993). From two
data sets, contrasting results emerged. The Morney and Canaway profiles studied by
Idnurm and Senior (1978), and the age of lateritisation in Western Australia by
Schmidt and Embleton (1976), are quoted as being consistent with oxygen-isotope
dating. Bredbo in New South Wales and Kangaroo Island in South Australia, are
localities where serious discrepancies between the two techniques were observed. The
observed inconsistencies between these two techniques, led Bird and Chivas (1993:

352) to propose that "obviously the best results are likely to be achieved when the tw
techniques are used in conjunction with one another, along with any other available

geological or geomorphic evidence." It is in light of the foregoing, that field studie
employing both techniques were carried out in Western Australia, the Yilgarn Block.
The nature of the discrepancies between the oxygen-isotope and the
palaeomagnetism ages, were investigated by Bird and Chivas (1993). K-Ar dates were
incorporated to make a more rigorous analysis. The sample near Bredbo in New South
Wales, that had a palaeomagnetic age of late Tertiary by Schmidt et al, (1982), was

contradictory to the oxygen-isotope weathering age of late Mesozoic to early Tertiary.
In the same way, a Kangaroo Island sample, had a late Cenozoic palaeomagnetic age,
from Schmidt et al. (1976), but the oxygen-isotope weathering age found was more
consistent with pre-Jurassic. The geological dating of the profile was also seemingly
pre-Jurassic in age, as the weathering profile underlay the largely unweathered
Jurassic Wisanger Basalt.
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Bird and Chivas (1993) emphasised the correctness ofthe ages at both these
localities, as was further corroborated by the late Tertiary K-Ar dates for alunite at
Kangaroo Island. The Bredbo sample was equated in age to the nearby Bunyan where
iron material in the Miocene sediments overlay the kaolinised bedrock. Thus, the
palaeomagnetic ages at both localities were demonstrably correct. It therefore meant
that the K-Ar and palaeomagnetic ages recorded the "substantially later period of iron
mobilisation into a pre-existing weathered profile or remobilisation of iron within an
existing profile" (Bird and Chivas, 1993: 352). The magnetic carriers in the iron
accumulations set (magnetise) during desiccation and, at the end of mature weathering
phase. High groundwater tables within a pre-existing weathered profile, would thus
re-set the palaeomagnetic signal. The implications, about the age of such mantles
would be that, the iron is not necessarily genetically or temporally related to the
underlying pallid zone, where the Taterite' profiles are investigated. The K-Ar dates
from alunite are subject to the same dissolution, hence the re-setting age implications.
Bourman (1989, 1993, and 1995), Milnes et al. (1985) and Bourman et al. (1987)
have demonstrated the continuation of landscape processes involving iron dissolution
and mobilisation. The major conclusion from such work, has been to not assume iron
accumulations (in their final form) are either genetically or temporally related to the
bleached or underlying mantle. Several cases have been documented where the iron
layer overlies other mantles unconformably.
From the comparisons of ages given by K-Ar dating of alunite,
palaeomagnetism and the oxygen-isotope technique, it can be shown that the oxygenisotope method did not suffer the re-setting problems observed for the other two. The
major advantage with palaeomagnetism, on the other hand, is the much better age
resolution than the oxygen-isotope method, with its broad age divisions. The
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continued coupled use of the two techniques should help in establishing true regolith
ages, and their development, in the Australian landscape.
The analyses carried out in this study have incorporated both oxygen-isotope
and palaeomagnetism in dating weathering profiles, mainly in the Yilgarn Block of
Western Australia, as outlined in the following sections.

9.1 Dating Yilgarn Craton weathering - palaeomagnetic versus oxygen-isotope
geochronology
Fieldwork carried out in 1998 (8-14 November), with Brad Pillans in the
Yilgarn Craton, was an effort to map weathering ages from palaeomagnetism and
oxygen-isotope geochronology. Wherever possible, paired iron oxide and kaolinite-

rich samples were taken as close to each other as possible, as in Plate 18 and 19. This
was to minimise any age differences, which may result from sampling different

materials. In some cases, however, this was not possible due to the lack of hematite in
the proximity ofthe kaolinite sample, or vice versa. In addition, samples obtained in
the field did not always yield weathering ages - some ofthe 'kaolins' proved to be
another mineral, or of low quality when subjected to X-ray diffraction, and hence
were not analysed. By the same token, the individual palaeomagnetic samples at some
sites were not sufficiently abundant or reproducible to calculate a meaningful pole
position. There are two further reasons for the failure of some palaeomagnetism
specimens: one is that some poles did not lie on the known apparent polar wander
path (APWP) and in some cases there are alternative interpretations ofthe APWP for
some age intervals. And finally, some specimens were all of normal polarity (and with
magnetic directions similar to the modern field direction) - these may be a modern
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overprint. For successful dating, sites yielding both normal and reversed polarities are
preferred.
With the above limitations in mind, an assessment ofthe weathering ages in

the Yilgarn Block is considered. For ease of comparison the findings are presented i
table format, for the various sample locations in the Yilgarn.
The Bronzewing samples show contrasts in weathering ages between the two
techniques (Table 13). Around 60m depth, the ages do not overlap even in the early
Tertiary phase. The 45-54m section is much older for palaeomagnetism, but equates
only to post-mid Tertiary with the oxygen-isotope geochronology. The Discovery pit

samples were taken on opposite sides ofthe pit, and even different levels. A pre-lat
Mesozoic age is indicated by oxygen-isotope geochronology and about 60Ma for the
estimated palaeomagnetism age.
Table 13: Bronzewing: Palaeomagnetic versus oxygen-isotope weathering ages.
Palaeomagnetism samples

Oxygen-isotope samples

Location

Age

Location

O-value Age

Central pit(58m)

5Ma

Central pit(60m)

+16.6%o

LM-ET

Central(45-54m)

60Ma

Central(45m)

+18.1%o

PMT

Central(54m)

+18.2%o

PMT

Discovery

+14.5%o

PLM

Discovery(45m)

60Ma?

Abbreviations for ox;/gen-isotope ages LV -ET, late Mesozoic to early Tertiary; PMT
is post-mid Tertiary, and, P L M for pre-late Mesozoic.
The Lawlers samples at North pit, indicated a Carboniferous age at 35m depth,
from palaeomagnetic dating. Two samples yielded the same oxygen-isotope
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composition of+18.9%o across the profile (top and bottom samples) - a post mid
Tertiary age.
The Lawlers Turret pit, 20m above the floor, gave composite palaeomagnetic
ages of 5 and 60Ma. At the base ofthe pit, a Jurassic age was found. There were no
suitable samples for oxygen-isotope analysis.
The HP pit at Lawlers, yielded oxygen-isotope values of+16.2%o (WA34),
+18.7%o (WA33) and WA35 at +20.4%o. These values, except for WA34, indicate a
post-mid Tertiary weathering age. WA34 is much older weathering, late Mesozoic to
early Tertiary. There were no suitable samples for palaeomagnetic analysis.
At Murrin Murrin pit, the kaolinite has an oxygen-isotope value of+17.9%o a post-mid Tertiary age, whereas palaeomagnetism showed much older ages at about
Jurassic. The palaeomagnetic sample was from the bottom ofthe profile, while the
oxygen-isotope sample came from the mid-section. It is most probable that the

weathering ages found here are for distinctly different mantles, although within the
same pit. Such differences in ages have been apparent in some locations, even for a
single technique, e.g. palaeomagnetism.
At Mt Percy, near Kalgoorlie, all the samples for oxygen-isotope analysis
were from near the pit surface at a depth of about 12m (Table 14). The samples came
from various pits, WA81 (Union Club, Far East Mystery pits) was near Brad Pillan's
WAA56, that indicated a Mesozoic age. The weathering from WA81, based on
oxygen-isotope geochronology is late Mesozoic to early Tertiary, in agreement with
the palaeomagnetic weathering age. Sample WA82 has the same weathering age, and
may be just outside ofthe Jurassic mean ages, but in agreement with the 60Ma mean
age from palaeomagnetism from the Union Club and Far East Porphyry pits.
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Table 14: M t Percy palaeomagnetic and oxygen-isotope weathering ages.
Palaeomagnetic samples

O-isotope samples (all at 1 2 m depth)

Location

Age

O-composition

Age

Mystery pit (12m)

Jurassic

+15.9tol7.1%o

Late Mesozoic early Tertiary

Mystery(5-10m)

Jurassic, Archaean?

Far East Porphyry

5Ma,

pit (35-45m)

Carboniferous

Far East Porphyry

60Ma

pit (27m)
Union Club pit (15-

5Ma, Jurassic,

20m)

60Ma

Mean:Union Club

60Ma

+15.9to+17.1%o

and Porphyry pits
Mean:Mystery/Uni

Late Mesozoic early Tertiary

Jurassic

on Club/Porphyry

+15.9 to+17.1%o

Late Mesozoic early Tertiary

It was noted by Brad Pillans, that the M t Percy site 13 and Lawlers sites 5 and
8 poles tie on the Carboniferous segment of APWP of Li et al. (1990). The recent
revisions ofthe APWP by Schmidt and Clark (2000) shifted the Palaeozoic path away
from the Mt Percy and Lawlers poles, therefore, their ages may be in doubt.

9.2 Discussion and Conclusions
The integrated approach of the oxygen-isotope geochronology and
palaeomagnetism techniques has highlighted a variety of weathering ages. The ages
determined are not always congruent. Palaeomagnetism has demonstrated very old
weathering ages in some localities that are believed to date back to landscapes before
the break-up of Australia and Antarctica. These are the older poles at Mt Percy,
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Murrin Murrin and Lawlers. Thus, at least in some instances hematite once formed,
seems resistant to later superimposed weathering.
Oxygen-isotope geochronology showed the oldest ages at Bronzewing and
Lawlers. The weathering ages are pre-late Mesozoic and late Mesozoic to early
Tertiary.
A comparison ofthe two techniques showed some similar weathering ages but
such findings are limited. In some cases, as at the Murrin Murrin pit, the samples
dated were at distinctly different parts of the pit, hence the variation in ages. The
composite nature of some pits is another complication, in making comparisons. In
addition the revisions in palaeomagnetic poles have put some weathering ages in
doubt.
Materials required for analysis by these techniques - kaolinite for oxygen-

isotope and hematite for palaeomagnetism, may be at different sections of the profile.
This makes appropriate comparisons difficult. In addition, profile development, where
the iron-indurated overlies the kaolinised layer, may have no temporal or genetic
bearing. Some of the rather old palaeomagnetic ages may be seen in this light, even
though more data are necessary. The comparisons have revealed the complexities of
landforms - the weathering ages in the landscape show a complex pattern. For
instance, at Central pit in Bronzewing, around 60m depth, palaeomagnetism showed
an age of 5Ma, while the oxygen-isotope geochronology was late Cretaceous to early
Tertiary.
Despite some ofthe discrepancies in elucidating weathering patterns and ages,
the coupled use ofthe two techniques, is essential. An obvious conclusion is that both
techniques detect older remnant weathering ages even where younger weathering
events are superimposed. And yet, in individual locations, each technique may be also
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re-set by younger weathering. There is a clear need for further empirical studies to
follow and elucidate these apparent age patterns from selected key field sites. Coupled
with this is a requirement for theoretical and experimental studies on the conditions
under which both kaolinite and hematite are stable and or re-crystallise in near Earthsurface environments.
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CHAPTER10
SOUTHERN AFRICA VERSUS AUSTRALIA: ESTABLISHING LANDFORM
ANTIQUITY USING OXYGEN ISOTOPES METHOD
The antiquity of landforms can be unravelled by the use ofthe oxygen-isotope
method, as has been demonstrated for Australia by Bird and Chivas (1988, 1989 and
1993). A chronological age of weathering profiles for the Australian regolith has now
been established, based on their 8180 values. A comparison between southern Africa
and Australia has shown some broadly similar isotopic values, from their
palaeosurfaces. The ages of weathering, as evidenced by kaolinite 8180 values could
mean similar timing or conditions of formation or 'out-of-phase' weathering ages.
Parallels in the antiquity of the landforms found in these continents, have been
made. A case in point is the study of inselbergs. In Western Australia, the rocky
outcrops (bornhardts) rising above weathered regolith were believed to be at least as
old as the weathered profile (Twidale and Bourne, 1998a). The palaeosurfaces ofthe
Hamersley Ranges, Kakadu, north and central Flinders and the Mt Lofty Ranges were
some ofthe formations equated in age with some ofthe bornhardts. In addition, these

"...can be correlated with various ancient land surfaces preserved in Africa, India and
South America" (Twidale and Bourne, 1998a: 912).
Since the mode of formation of inselbergs is intimately related with the
weathering (where a two-stage model is adopted for inselberg exhumation), then the
weathering ages established by the oxygen-isotope method should establish an age
constraint. Partridge and Maud (2000) quoted Australia, South America and Africa as
having ancient landforms. To estimate the 8180 values of late Permian meteoric water
in South Africa Faure et al. (1995: 8), used Australian values for the particular
latitude of interest. Based on a value obtained from an Australian study, the authors
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concluded that the isotopic composition obtained was appropriate. A

similar

comparison for the oxygen-isotope compositions between the continents would
further the comparisons and elucidate weathering mantle formation ages.
However, that the isotopic values are similar (between Australia and southern
Africa), may be a necessary condition, a further step that would mean the results are
sufficient, is when independent dating from other methods, point to the antiquity of
the surfaces studied. Thus, in a scientific synthesis, both the necessary and sufficient
conditions would be met.

10.1 The isotopic results for Australia and Africa
Southern Africa has been shown to be punctuated with ancient landforms. The
mode of landform evolution proposed by King (1962, 1950, 1963 and 1976) had three
major landsurfaces - these including the Gondwana surfaces belonging to the
Cretaceous and Jurassic ages. The surfaces of Cretaceous ages in Australia have been
studied using oxygen isotopes. The isotopic compositions of these relict forms would
be compared to the surfaces of southern Africa - from Cape Town to Durban. This
would be the first time such a comparison between these continents was done using
the oxygen-isotope technique. An established geochronology for the Australian
regolith, based on the oxygen-isotope method, may mean a similar system could be
proposed for the ancient landforms in southern Africa.
Isotopic compositions found for Australia, from this study, point to three
weathering ages. These are; pre-late Mesozoic, late Cretaceous to early Tertiary and
post-mid Tertiary. Most ofthe samples in both South Australia and the Yilgarn Craton
in Western Australia fell in the post-mid Tertiary weathering age.
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The pre-late Mesozoic weathering ages were indicated for kaolinite (two
samples) at Yundi (South Australia), at the Bronzewing Discovery pit, at an ancient
breakaway near Yalgoo in the Yilgarn Craton and from a drillcore (depth 57m) near
Meekatharra. Late Cretaceous to early Tertiary samples were also spread across the
study sites, as well as the majority of the samples - indicating post-mid Tertiary
weathering ages. Since no oxygen-isotope geochronology exists for southern Africa,
their isotopic values were related to the geological ages.
The oldest South African weathering ages were recorded at several places. The
Ryedale locality, as studied by Pack et al. (2000) found oxygen-isotope values of
+11.9 and +12.5%o, which they equated to mid-Permian. If these depleted isotopic
values were taken as a guide, then samples at Crous (from the floor quarry) with an
8180 of +11.6%o, would be taken to be of similar age. However, there may be

complications to such over-simplifications, as discussed in Chapter 7. The next set of
values that were relatively isotopically depleted, belong to the Table Mountain
Sandstone Group. The isotopic compositions were around +14.5%o. The Post-African
I weathering surface equated to isotopic values of +18.2%o at Grahamstown. At
Cowies Hill near Durban, an African Surface sample had an isotopic value of
+16.6%o. The Zebediela pit, had a broad array of isotopic values, from +13.1 to
+18.2%o, in a pit more than 50m deep.
The isotopic compositions, have to be assessed in a context of weathering ages
for the two continents. The comparison seeks to determine if the oxygen-isotope
geochronology could be applied to southern Africa, and what depth of detail can be
adduced from the limited sampling.
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10.3 Discussion and Conclusions
Landscape evolution has been the subject of numerous debates. The models
postulated by both geologists and geomorphologists have had varying degrees of
success and relevance for the various landscapes. In the early days, to a large extent,
the regolith was seen as being in a state of continuous change - old landsurfaces
giving way to the new ones, via the rock cycle. Ancient landforms were not believed
to have been preserved. The large ice sheets that covered the Northern Hemisphere
and scraped wide areas, added value to the thinking that landforms were 'young'
everywhere.
King (1976) discussed the development and preservation of palaeosurfaces.
The remnants were seen as an archive of geological history. King (1976: 135) stated

that "...for if the relief be small the remnant may survive indefinitely and retain much
of its identifiable characteristic in so doing. Some even preserve intact soil profiles
developed in ancient time, before the elevation and denudation of the mountainous
regime." In so doing, it was proposed that the landscapes demonstrated two crucial
geomorphic points. These being that, a surface of low relief, irrespective of its
elevation, could survive alteration for a long time; and secondly, that its wearing
down will be through the process of slope retreat (King, 1976). As a second premise
in King's book Morphology ofthe Earth (1962), he stated that, for the whole Earth,
from the Mesozoic to the present, a simple global pattern of tectonic episodes with
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Likely former extent of Karoo strata

Figure 15: Reconstruction of Gondwana by Alex du Toit (1937),
showing present extent of Gondwana Karoo strata (black) and their
likely former extent (shaded). Modified after Partridge (1998).

152

planational intermissions was recognisable. The complexities of local factors were
noted. This premise is appreciated in the comparative study of sections of Australia
and southern Africa.
To be noted here, is the fact that dating of ancient landscapes requires
techniques that are adequate. The qualitative methods, of landform evolution
continued to shape the thinking in landform genesis and age - until radiometric
methods were introduced, which added a new dimension to the debate. At present,
most of the Quaternary can be adequately dated radiometrically. Pillans (1998)
pointed to a variety of dating techniques that continue to be discovered and refined.
He put forward four age methods, these being numerical age; calibrated age;
correlated age and relative age. The oxygen-isotope geochronology enables a broad
geological weathering age coverage.
To introduce the basis of the comparative analysis, a few relevant studies are
surmised. Twidale (1998), Twidale and Bourne (1998a,b) have made several studies
that pointed to the existence of old landforms. In Australia, the exhumed surfaces
(inselbergs) were said to belong to geological ages spanning; late Archaean, Jurassic,
early Cretaceous, Miocene through to the Pleistocene. In Africa, the ages were
Cretaceous for Tanzania, Eocene for northern Nigeria, and Cambrian for the
Namaqualand highlands of Namibia.
King (1976: 139) noted that, the late Cretaceous to early Miocene was
characterised by tectonic quiescence and "a planation of extraordinary smoothness
developed over enormous areas in all continents." Examples of these planations
include the 'African' planation and the 'great Australian denudation cycle'. In some
cases, crusts developed that protected the profiles. Mapping of the world planations
could be useful. The drawback, however, "for continental - or world-scale
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compilation is the present lack of trained observers w h o think on a continental scale,"
King (1976: 141).
The oxygen-isotope geochronology, and the comparative studies carried out
between Australia and southern Africa, could be seen as an effort to map the palaeoweathering, whose benefits have been outlined by King (1976). In Section 10.2, and
indeed in the preceding chapters, the antiquity of the landscapes in the two continents
has been detailed. Applying an oxygen-isotope geochronology in southern Africa has
been problematic. The limited sampling available is probably insufficient to
adequately establish a weathering geochronology. However, broad similarities in the
oxygen-isotope values based on geological dating, allowed patterns of similarity to
emerge between the two continents.
Weathering ages ofthe post-mid Tertiary that form the majority ofthe samples
in Australia, have been indicated in southern Africa. Most of such samples correlate
with the African Erosion surfaces. The late Cretaceous to early Tertiary weathering
ages in Australian regolith, have also found counterparts in southern Africa. The
values of the isotopic compositions are not necessarily identical for the continents.
Early Permian weathering ages in Australia are recognised by isotopic compositions
of+6 to +10%o. The mid-Permian transported kaolinite at Ryedale (South Africa) had
isotopic compositions of +11.9 to +12.5%o. However, there is a consensus on the
depleted nature of Permian kaolinites (Bird, 1988; and Harris et al, 1999). This
should encourage more detailed studies in southern Africa, with a view to establishing
an oxygen-isotope geochronology. Such a study would need to incorporate (more so

than in Australia) tectonic/uplift and detailed climatic regimes in the geological past
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Plate 2: W a v e Rock at Hyden, some ofthe inselbergs found in the Yilgarn Craton. Top 'flaring'
may relate to exposure during earlier weathering episode

Plate 3: Country Breakaway, 130 k m north of Hyden, exhibiting m e g a mottles and pallid zones
in its weathering
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Plate 4: Well developed mottles at M t Torrens in South Australia, near Adelaide.

Plate 5: Yundi road-cut near Adelaide, with oxygen-isotope-values of+10.8 and 12.1
per mil
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Plate 6: At Lakeside (near Cue), within the bleached portion of A W 2 8 breakaway are
ancient imprints indicating human occupation

Plate 7:Desolate breakaway in the Wheatbelt, some breakaways modified by human
activities.

157

'•*&*>••

•

/

%-*&*

J^Sfe*"^

M+JSC*

'~-.*AA

-

sir* £ ^J*-

.

--; ;Jft** . **'".«

•s*

•r^*J

•u<
•

•

-

-

_

.

.

'

<*•#-

'

3j- '

m 7%
RM

j,

**-£

w*
i

•

Plate 8: Giles Breakaway, with the person near sampled section.

Plate 9: South of Giles, is this 'overhang' breakaway, with kaolinite being sampled.
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Plate 11: Giles Breakaway, still exists as a continuous landform.
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Plate 12: 'London Bridge' Breakaway at Sandstone, with no pallid zone exposed.

Plate 13: Near Scuddles mine (Yalgoo), this breakaway yielded pre-late Mesozoic
weathering - the oldest dated with oxygen-isotope technique.
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Plate 14: Drillcores near Kalgoorlie, for sample A W 6 3 .
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Plate 15: Wagin community d a m kaolinite indicated post-mid Tertiary weathering.
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Plate 16: At Lawlers, an open pit mine showing differential weathering of bedrock.

Plate 17: A W 8 0 - A W 8 2 samples, 15km E of Merredin at a rail-cutting.
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Plate 1: Wooderarung gully (near Mullewa) post-mid Tertiary weathering age.
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APPENDIX
METHODS AND TECHNIQUES

1.1 Sample preparation methods
After fieldwork, samples were initially crushed either with a mechanical ring
grinder or by hand. The final product for x-ray analysis needed to be as fine as talc.
Some ofthe samples did not need crushing as they were already in a fine powder form
- mainly the clay-rich samples. The crushing was time consuming, and lasted a few
weeks. Following X-ray results, the samples were then subjected to standard
sedimentation methods to extract the clay fraction. Initially a 2um fraction was
targeted, but in some cases, nothing was left in suspension. The revised limit was
commonly raised to 20pm.

1.2 X-ray Diffraction (XRD)
Following crushing, the samples were then assessed by a Phillips x-ray
diffractomator at the University of Wollongong. The machine can handle several
samples at a time due to its Phillips PW 1170/70 automated sample changer. The
operating parameters are 40kV, 30mA; CuKa radiation with a graphite X-ray
monochromator. The scan speed and scan length are 2° 20 /min and 4-70° 20,
respectively.
More samples were re-assessed following sedimentation, where the initial xray analysis had indicated the presence of certain minerals of interest. In general, the
XRD may not identify anything with less than 5% concentration in the sample. The
material has to be crystalline (not amorphous) also. Cuday and Ramanaidou
(1997:411) clarified that "the X-ray diffraction-based techniques are restricted to
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crystalline iron oxides with crystal sizes larger than lOnm (Morris et al, 1989) and
iron oxide abundances greater than 10% (Townsend, 1987)." The spectra were
analysed using the uPDSM and Traces software. About 540 samples were initially
subject to XRD analysis.

1.3 SIROQUANT Software
The Siroquant software (developed by CSIRO, Australia) was used to quantify
the minerals in several samples. In most cases, a sample would contain several
minerals, but the relative amounts not known.
For the clay minerals, where the focus was on kaolinite, it was quite common
to have quartz in the samples. In such cases, a quantitative analysis was done - with
80% being the baseline kaolinite quantity accepted. This meant that, the amount of
kaolinite in the sample should at least be 80%. Samples with low purity were resedimented to enhance the clay recovery; many samples were discarded if
insufficiently pure kaolinite separate could not be produced.

1.4 EDS - Energy Dispersive Spectrum
As a means of testing the validity of X-ray results, EDS was adopted. The trial
run involved six samples: two of presumed pure kaolinite; the next two containing
quartz, kaolinite and kaolinite with montmorillonite, with the last two containing
varying amounts of iron. One of these last two samples contained hematite and
goethite only, from the X-ray analysis.
Each sample was analysed from three individual beam spot areas. The results
showed that all clay minerals contained a small amount of iron, including the pure
kaolinites - albeit typically less than one percent. Trace amounts of potassium and
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copper occurred in both kaolinite samples, with calcium, chlorine and titanium shown
for the other sample from a mine pit in Western Australia. Overall, aluminium and
silicon oxides accounted for over 96% of the kaolinite samples. Iron content ranged
from less than 1% for a South Australian sample to just over 2% in spots of the
Western Australian sample. The amount of iron in the kaolinites is thus minimal.
The mid-range purity samples showed occurrences of more trace elements Cl, Mg, S, Ti and in some cases Na. The average Al-Si oxides were about 90% for the
sample with kaolinite and montmorillonite, but 72% for the quartz-kaolinite one. Iron
content was less than 1% in the kaolinite-montmorillonite sample, with the quartzkaolinite ranging from 6 -17% iron. The latter tended to have more trace amounts of
cation elements, as well.
Samples with iron staining, were JSA25 and CJWA22A. JSA25 had kaolinitequartz as main minerals with traces of hematite (from XRD). From assessments of
two spots on this sample, iron content ranged from 2-12%. Al-Si oxides accounted for
85-94% ofthe sample.

1.5 Isotopic Analysis
Of about 500 samples collected, crushed separate and analysed by XRD, only about
130 were finally analysed for their 8180 values. The others were rejected as being
impure.
About 10-15mg of each purified kaolinite or goethite sample was reacted at
550-600°C with BrFs for 14 hrs to liberate oxygen. The quantitatively recovered
oxygen was converted to C02 over an incandescent carbon rod, and analysed by a
Finnigan MAT-251 mass spectrometer at the laboratories of the CSIRO, North Ryde,
Sydney.
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